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SUMMARY 
This dissertation aims to connect aerosol oxidative potential (OP) to toxic chemical 
components and support oxidative stress as a potential mechanism for ambient particle (or 
its components) toxicity. Aerosol OP, the ability of particulate matter (PM) to deplete 
antioxidants and generate reactive oxygen species (ROS) in vivo, plays an important role 
in upsetting redox homeostasis, causing oxidative stress, and leading to adverse health 
effects. This dissertation presents the sources, atmospheric processes, health associations, 
and lung deposition of atmospheric aerosol OP, and suggests OP as the health indicator of 
various chemical toxic components. A semi-automated system was first developed based 
on two widely used acellular OP measures, the dithiothreitol (DTT) and ascorbic acid (AA) 
assays, to provide the first extensive daily measures of OP of the water-soluble PM2.5 (with 
an aerodynamic diameter smaller than 2.5 µm) fraction from contrasting environments in 
the southeast U.S. over a 2-year period. It enables strong statistical assessment on the 




AA. The data show that PM2.5 water-soluble OP
DTT on a 
per air volume basis was spatially uniform and had higher levels in winter than in summer 
(winteravg/summeravg = 1.5). In contrast, water-soluble OP
AA was heterogeneously 
distributed, with highest levels near traffic, and higher in summer compared to winter 
(summeravg/winteravg = 1.9). Correlation analysis and source apportionment models suggest 
a strong contribution from secondary processes and traffic emissions to both water-soluble 
OPDTT and OPAA in urban Atlanta. Biomass burning was a large source for water-soluble 
OPDTT, but not for OPAA. PM2.5 water-soluble OP
DTT was generally well correlated with 
 
 xxii  
 
PM2.5 mass (r=0.49-0.88), while water-soluble OP
AA did not co-vary with mass. Strong 
associations with respiratory and cardiovascular related emergency department visits were 
observed based on time series epidemiological analyses using reconstructed OPDTT based 
on the past 10-year source impacts, while water-soluble OPAA was not linked to any 
investigated health outcomes. The lack of correlation of water-soluble OPAA with PM2.5 
and health outcomes may be explained by the greater chemical selectivity of AA assay 
(specific to Cu), whereas the DTT assay is sensitive to both organic species and transition 
metal ions. Ambient size distributions of OP of samples collected from an urban and road-
side site in Atlanta were consistent with the spatial variation, chemical selectivity, and 
source apportionment results. Both water-soluble OP showed a mono-modal distribution. 
Water-soluble OPAA had a much narrower distribution (also attributable to narrow 
chemical sensitivity) and peaked at a larger size than that for water-soluble OPDTT. Water-
soluble OPAA was mainly attributed by soluble transition metal ions from secondary 
processing of sulfate resulting in highly acidic aerosol (pH<2), while water-soluble OPDTT 
size distribution was a result of a combination of organic species (e.g. quinones from ozone 
oxidation of PAHs) and acid-processed transition metal ions. Water-insoluble OPDTT was 
driven by the same chemical players as the water-soluble OPDTT, except that for water-
insoluble OPDTT, organic species were absorbed on fine-mode soot surfaces and transition 
metal ions on coarse-mode dust surfaces, resulting in a bimodal distribution with the 
minimum at PM1. Estimated lung deposition showed that although OP per mass (toxicity) 
was highest for ultrafine particles, estimated lung deposition was mainly from 
accumulation and coarse particles. The two important chemical players for OPDTT were 
largely externally mixed and deposited in the different regions in the respiratory system; 
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transition metal ions predominately in the upper regions, and organic species deeper in the 
lung. Contrasts in the phases of these forms of OPDTT deposited in the respiratory system 
may have differing health impacts. The role of sulfate (linked to “strong acidity”), soot, 
and dust in shaping OPDTT distribution suggests that OPDTT and oxidative stress might 




CHAPTER 1. INTRODUCTION 
1.1 Importance of Atmospheric Aerosols 
Air pollution is rising at an alarming rate in cites. World Health Organization (WHO) data 
shows that outdoor pollution has risen 8% globally in the 2008-2013 periods. Ambient air 
pollution comprises high concentrations of aerosols, solid or liquid particles that suspended 
in and are transported through the atmosphere. Aerosols can be directly emitted from 
primary anthropogenic or biogenic sources, or formed through secondary processes in the 
atmosphere. Atmospheric aerosols play important roles in climate change and are one of 
the greatest environmental risks to public health. 
1.2 Health Effects of Particulate Matter 
The aerosol (or particulate matter) with aerodynamic diameters smaller than 2.5 µm 
(PM2.5) contributes to more than 4.3 million premature deaths worldwide in 2015 (Cohen 
et al., 2017). PM2.5 has been positively associated with cardiovascular (Zanobetti et al., 
2014; Sun et al., 2010; Pope et al., 2004; Samet et al., 2000) and respiratory (Harkema et 
al., 2004; Schaumann et al., 2004; Aust et al., 2002; Norris et al., 1999) diseases. The most 
recent Global Burden of Disease project (Cohen et al., 2017) ranked PM2.5 the 5
th out of 79 
risk factors attributed to burden of disease globally.  
PM10 (with aerodynamic diameters smaller than 10 µm) and PM2.5 are currently regulated 
on a mass basis, which is widely used in epidemiological studies to study the health effects 
of PM. However, PM consists of a wide range of chemical components with potentially 
varying toxicity, such as transition metal ions (Akhtar et al., 2010; Gasser et al., 2009; 
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Kodavanti et al., 2005), black carbon (or elemental carbon and associated species) 
(Kleinman et al., 2007; Brunekreef et al., 1997), polycyclic aromatic hydrocarbons (PAHs) 
(Lundstedt et al., 2007; Burchiel et al., 2005), and other specific organics species (Nel et 
al., 2001). Other than chemical components, some studies (Kelly and Fussell, 2012; Nel, 
2005) have suggested that size, sources, or surface areas have important implications on 
PM toxicity. This suggests that mass concentration is not an ideal air quality metric for 
assessing health impacts. There is, therefore, a need for a more biological relevant metric 
to represent the integrated effects of PM, motivating continued research on this subject. 
The mechanisms underlying the health associations of PM are not entirely clear but 
oxidative stress induced by particles after inhalation, deposition, and translocation has been 
suggested as a plausible explanation for PM toxicity (Xia et al., 2006; Nel, 2005; 
Valavanidis et al., 2008).   
1.3 Reactive Oxygen Species, Oxidative Stress, and Oxidative Potential 
1.3.1 Reactive Oxygen Species 
Reactive Oxygen Species (ROS) is a phrase used to describe a number of reactive 
molecules and free radicals (chemical species with one unpaired electron) derived from 
molecular oxygen (O2) (Turrens, 2003). In its "triplet" O(3P) ground state, molecular 
oxygen has eight electrons but two are unpaired. The two unpaired electrons have the same 
spin in a chemical bond thus molecular oxygen is not very reactive. However, when 
molecular oxygen is reduced by one electron (univalent reduction), it produces superoxide 




∙ poses a variety of treats to human body; 1) direct oxidation 
of reductants; 2) inactivation of a select group of enzymes; 3) addition of a second electron 
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gives rise to a more potent oxidant, hydrogen peroxide (H2O2), which in turn may be 
reduced to one of the strongest oxidants in nature, hydroxyl radical (OH·), through the 
Fenton reaction (Liochev and Fridovich, 2002; Stohs and Bagchi, 1995); 4) O2
-
∙ can directly 
produce OH· via the Haber-Weiss reaction by reacting with H2O2 (Kehrer, 2000), and 5) 
reaction with other radicals such as nitric oxide (NO·) and produce peroxynitrite, which is 
also a powerful oxidant (Radi et al., 2002) and a member of the Reactive Nitrogen Species 
(RNS). O2
-
∙ and its metabolites or “more aged” reactive intermediates are collectively 
termed ROS or RNS, and the first crucial step to produce ROS or RNS is the univalent 
reduction of molecular oxygen.  
1.3.1.1 Biological sources of ROS 
The primary biological source of ROS is O2
-
∙ generation from the mitochondrial electron 
transport chain (Hayyan et al., 2016; Davies, 1995). Approximately 1-2% of the total daily 
O2 consumption goes to mitochondrial superoxide generation. With this estimate, a 60 kg 
woman would produce 160 to 320 mmol of O2
-
∙ each day from mitochondrial respiration 
alone (based on an O2 consumption of 6.41 kg
-1 day-1) and an 80 kg man would produce 
215 to 430 mmol of O2
-
∙ per day (Davies, 1995). In terms of total ROS (O2
-
∙ and H2O2 are 
the two primary products), a human body generates approximately 5 g of ROS per day 
(Stein, 2002; Halliwell, 1997). Another important biological source of ROS is O2
-
∙ 
generation from phagocytic cells (Davies, 1995). These cells such as polymorphonuclear 
leucocytes (neutrophils), monocytes and macrophages, when invaded by micro-organisms, 
utilize nicotinamide adenine dinucleotide phosphate oxidase (NADPH oxidase) to generate 
ROS directly as part of the immune defense activities (Bylund et al., 2010). Therefore, 
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ROS generated in the human body are byproducts of respiration and immune defense 
activities, and the generation of O2
-
∙ from O2 is an important step to generate ROS. 
1.3.1.2 Ambient sources of ROS  
Ambient ROS appears both in gas and particle phases. Most ROS originate from the 
photolysis of ozone and subsequent radical reactions (Pöschl and Shiraiwa, 2015). They 
have different lifetimes ranging from seconds to days in the atmosphere depending on their 
sources and reactivity (Seinfeld and Pandis, 2006). Those with short lifetimes are less of a 
concern to health. Long-lived ROS can be inhaled into the human body and cause oxidative 
stress (see section 1.3.2 for introduction), cellular damage and disease (Pöschl and 
Shiraiwa, 2015; Ayres et al., 2008). An example of “long-lived” ROS is a group of radicals 
that are formed during combustion and other thermal processes, so-called environmentally 
persistent free radicals (EPFRs) (Dellinger et al., 2007). EPFRs are formed when chlorine- 
and hydroxyl-substituted aromatics chemisorb onto metal oxide surfaces (Vejerano et al., 
2012; Lomnicki et al., 2008), then are adsorbed on the surface of particles, allowing them 
to persist in the environment. Several recent studies show that the heterogeneous reaction 
between ozone and PAHs can also generate EPFRs (Borrowman et al., 2016; Shiraiwa et 
al., 2011). Some EPFRs, e.g. semiquinones, can undergo redox cycling and ultimately 
produce more ROS (Dellinger et al., 2001). 
1.3.2 Oxidative Stress 
The earliest use of the term “oxidative stress” was not associated with cells or organs but 
happened in rubber research in 1956 (Ore, 1956). Not until 1985 was the term used to refer 
to oxidative damage to cells and organs (Sies et al., 1985). Nowadays, oxidative stress is 
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an expression used to describe various deleterious processes resulting from an imbalance 
between the excessive formation of ROS and/or RNS and limited antioxidant defenses 
(Turrens, 2003). Under conditions of abundant ROS production, such as during PM 
exposure, the antioxidant defences may be overwhelmed, leading to a disruption of redox 
signaling (transmission of a redox signal via an essential redox element from a source to a 
target) and control and/or molecular damage (Li et al., 2003a). In recent years, oxidative 
stress has been implicated as a mechanistic explanation for a wide variety of diseases and 
syndromes, for example, heart failure (Tsutsui et al., 2011), Parkinson's (Dias et al., 2013) 
and  Alzheimer’s (Kanti Das et al., 2015) Diseases, ischaemic stroke (Allen and 
Bayraktutan, 2009), cataract (Spector, 1995), chronic inflammatory diseases (Nemat et al., 
2009), asthma (Walsh, 2006; Li et al., 2003a), and cancer (Reuter et al., 2010).  
1.3.3 Oxidative Potential  
Oxidative potential (OP), defined as the capability of particles to generate ROS by 
consumption of antioxidants and/or generation of oxidants, has been proposed as a more 
relevant air quality exposure metric than PM mass concentration, or concentrations of 
specific aerosol chemical components, when attempting to link aerosols and health 
endpoints (Ayres et al., 2008). Many studies have linked OP with adverse health effects 
(Weichenthal et al., 2016b; Weichenthal et al., 2016a; Bates et al., 2015; Øvrevik et al., 
2015; Donaldson et al., 2005; Nel, 2005; Shi et al., 2003; Zielinski et al., 1999).  
To measure aerosol OP, both cellular (Xia et al., 2006; Kubátová et al., 2006; Bonvallot et 
al., 2001; Hiura et al., 1999; Antonini et al., 1998) and acellular methods (Zomer et al., 
2011; Mudway et al., 2011; Jung et al., 2006; Venkatachari et al., 2005; Cho et al., 2005; 
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Frampton et al., 1999) have been developed. Both types of methods have advantages and 
disadvantages. Acellular methods require less controlled environments and provide faster 
readouts of PM oxidative potential. Acellular assays generally involve measuring the 1) 
depletion of antioxidants, such as ascorbic acid, urate, and reduced glutathione in a 
synthetic respiratory tract lining fluid model (RTLF) (Mudway et al., 2004; Zielinski et al., 
1999); 2) consumption of cellular reductant surrogate, such as the dithiothreitol (DTT) 
assay (Cho et al., 2005); 3) formation of OH· using electron paramagnetic/spin resonance 
(EPR/ESR) (Shi et al., 2003) or high-performance liquid chromatography (HPLC) (Jung 
et al., 2006); 4) ROS concentration using fluorescent probes, such as dichlorofluorescin 
(DCFH) probe based on non-fluorescent DCFH which becomes fluorescent in the presence 
of ROS (Venkatachari et al., 2005; Hung and Wang, 2001), and chemiluminescent 
reductive acridinium triggering (CRAT) probe based on chemiluminescence emitted from 
acridinium compounds to quantify the amount of H2O2 (Zomer et al., 2011).  
1.4 DTT and AA assay 
Among the various available methods for measuring aerosol OP, the dithiothreitol (DTT) 
and ascorbic acid (AA) assays are widely used. Both methods involve incubating DTT or 
AA with filter aqueous extracts of PM samples at a biologically relevant temperature (37 
°C) and pH (7.4), and monitoring the depletion of DTT or AA over time. The quantification 
of DTT is achieved by adding 5,5’-dithiobis-(2-nitrobenzoic acid (DTNB) to form a color 
species and measuring the light absorbance at 412 nm wavelength, whereas AA itself 
absorbs light at 265 nm wavelength. The depletion of DTT happens when PM extracts 
catalytically transfer one electron from DTT to molecular oxygen and generate superoxide 
anion (Kumagai et al., 2002), mimicking the crucial initial step of producing ROS in vivo 
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– the univalent reduction of molecular oxygen. AA is one of the physiological antioxidants 
in lung lining fluid, which prevents the oxidation of lung cells (Valko et al., 2005). 
Therefore, OP measured by the in vitro depletion of DTT and AA by PM (OPDTT and OPAA) 
might represent the in vivo rate of ROS generation and direct antioxidant oxidation, 
respectively. Both can lead to oxidative stress. This, in theory, provides a mechanistic link 
between aerosol OPDTT or OPAA and the ability of particles to induce oxidative stress and 
cause adverse health effects. 
Another advantage of the DTT and AA assays is that they are relatively straightforward 
and reproducible, allowing method automation, largely reducing labor and time, thus 
making high-throughput routine measurements possible. At the onset of this study, 
although sufficient studies have associated particle OP with PM toxicity, large population-
based epidemiologic studies of aerosol OP have not been possible. The automation of DTT 
and AA assays allow the generation of large data sets for studying the links between OP 
and adverse health effects through epidemiology. As potential health indicators, it is 
important to understand the spatiotemporal variations, sources, major chemical players, 
and size-dependent characteristics of these OP. In many cases, when implementing the 
DTT or AA assay, particles are extracted in water followed by liquid filtration to remove 
solid or insoluble fractions, but studies show that OPDTT can also be associated with 
insoluble components (Yang et al., 2014; McWhinney et al., 2013a; Li et al., 2013; Verma 
et al., 2012; Daher et al., 2011). Therefore, it is also important to assess the contribution of 
insoluble species to aerosol OPDTT.  
1.5 Overview 
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The aims of this thesis were to understand the sources and atmospheric processes of OPDTT 
and OPAA and assess the value of OP as a PM toxicity indicator.  
Within this framework, the thesis has the following structure: Chapter 2 (Fang et al., 
2015b) presents a semi-automated syringe pump system for measuring the OPDTT from 
water extracts of PM2.5 samples. The semi-automation system was used to generate large 
data set of water-soluble PM2.5 OP
DTT at urban, rural, and road-side sites in the southeast 
United States, and later adapted to AA assay (chapter 4) (Fang et al., 2016) and was used 
to measure water-soluble PM2.5 OP
AA on the same samples as OPDTT. Then we assessed 
the spatial and temporal variations, and sources of water-soluble transition metal ions in 
chapter 3 (Fang et al., 2015a), since transition metal ions, especially copper (Cu), are 
important contributors to both OPDTT and OP
AA and are potentially toxic due to the ability 
to catalytically generate ROS in vivo. Chapter 4 (Fang et al., 2016) presents a comparison 
of water-soluble PM2.5 OP
DTT
 with OP
AA on the spatiotemporal distributions, sources, and 
health associations using hospital data from Atlanta metropolitan area. In chapter 5 and 6 
(Fang et al., 2017a; Fang et al., 2017b), we investigated the ambient size distributions of 
water-soluble OPDTT and OPAA, and water-insoluble OPDTT at an urban and road-side site, 
Atlanta. Through comparing the results, we studied the key chemical players and 
atmospheric processes of all OP. The size distributions of OPDTT were also used to assess 
the deposition of both forms of OPDTT in the human respiratory system.  
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CHAPTER 2. A SEMI-AUTOMATED SYSTEM FOR 
QUANTIFYING THE OXIDATIVE POTENTIAL OF AMBIENT 
PARTICLES IN AQUEOUS EXTRACTS USING THE 
DITHIOTHREITOL (DTT) ASSAY: RESULTS FROM THE 
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 A variety of methods are used to measure the capability of particulate matter (PM) 
to catalytically generate reactive oxygen species (ROS) in vivo, also defined as the aerosol 
oxidative potential. A widely used measure of aerosol oxidative potential is the 
dithiothreitol (DTT) assay, which monitors the depletion of DTT (a surrogate for cellular 
antioxidants) as catalyzed by the redox-active species in PM. However, a major constraint 
in the routine use of the DTT assay for integrating it with the large-scale health studies is 
its labor-intensive and time-consuming protocol. To specifically address this concern, we 
have developed a semi-automated system for quantifying the oxidative potential of aerosol 
liquid extracts using the DTT assay. The system, capable of unattended analysis at one 
sample per hour, has a high analytical precision (Coefficient of Variation of 12% for 
standards, 4% for ambient samples), and reasonably low limit of detection (0.31 
nmol/min). Comparison of the automated approach with the manual method conducted on 
ambient samples yielded good agreement (slope = 1.08 ± 0.12, r2= 0.92, N= 9). The system 
was utilized for the Southeastern Center for Air Pollution & Epidemiology (SCAPE) to 
generate an extensive data set on DTT activity of ambient particles collected from 
contrasting environments (urban, road-side, and rural) in the southeastern US. We find that 
water-soluble PM2.5 DTT activity on a per air volume basis was spatially uniform and often 
well correlated with PM2.5 mass (r = 0.49 to 0.88), suggesting regional sources contributing 
to the PM oxidative potential in the southeast US.  However, the greater heterogeneity in 
the intrinsic DTT activity (per PM mass basis) across seasons indicates variability in the 
DTT activity associated with aerosols from sources that vary with season. Although 
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developed for the DTT assay, the instrument can also be used to determine oxidative 
potential with other acellular assays. 
2.2 Introduction 
Epidemiological studies have associated increases in particulate matter (PM) levels with 
exacerbation of cardiovascular diseases (Zanobetti et al., 2014; Sun et al., 2010; Pope et 
al., 2004; Samet et al., 2000) and elevated incidence of respiratory disorders such as airway 
inflammation, bronchial muscle contraction, and asthma (Harkema et al., 2004; 
Schaumann et al., 2004; Aust et al., 2002; Norris et al., 1999). The mechanisms underlying 
these associations are not entirely clear but reactive oxygen species (ROS), either adsorbed 
on inhaled particles or generated in vivo, have been identified as signaling molecules that 
induce oxidative stress, causing cell damage (Nel, 2005; Gurgueira et al., 2002). These 
findings imply that aerosol oxidative potential, i.e. the ability of ambient particles to 
generate ROS, may be a more relevant measurement than PM mass concentration, or 
concentrations of specific aerosol chemical components when attempting to link aerosols 
and health endpoints.  
Both cellular (Xia et al., 2006; Kubátová et al., 2006; Bonvallot et al., 2001; Hiura et al., 
1999; Antonini et al., 1998) and acellular methods (Zomer et al., 2011; Mudway et al., 
2011; Jung et al., 2006; Cho et al., 2005; Venkatachari et al., 2005; Frampton et al., 1999) 
have been developed to measure the oxidative potential of PM. Both types of methods have 
advantages and disadvantages. Acellular methods require less controlled environments and 
provide faster readouts of PM oxidative potential. One of the most widely used cell-free 
measures of particles oxidative potential is the DTT (dithiothreitol, 
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HSCH2(CH(OH))2CH2SH)) assay (Charrier and Anastasio, 2012; Verma et al., 2012; 
Verma et al., 2009a; Cho et al., 2005; Kumagai et al., 2002; Delfino et al., 2013). Typically, 
ROS in vivo are mainly produced in mitochondria and endoplasmic reticulum (ER) where 
molecular oxygen (O2) are reduced to superoxide anion (O2ˉ) by accepting electrons from 
cellular reductants, such as NADPH, or during ER protein folding process (Alfadda and 
Sallam, 2012). The DTT assay simulates this electron-transfer mechanism based on the 
catalytic ability of redox-active species to transfer elections from DTT to oxygen, and thus 
can be considered a surrogate measure of the in-vivo capacity of PM to induce ROS. The 
rate of the reaction, commonly called DTT activity, is determined by measuring the 
consumption of DTT over time, which is proportional to the concentration of redox-active 
species in PM extracts. Researchers have identified various chemical components that may 
participate in the reaction, including polycyclic aromatic hydrocarbons (PAHs) (Li et al., 
2003b), quinones (Chung et al., 2006; Kumagai et al., 2002), transition metals (Charrier 
and Anastasio, 2012), water soluble organic carbon (WSOC) (Verma et al., 2009a; Cho et 
al., 2005), and HUmic-LIke Substances (HULIS) (Verma et al., 2012; Lin and Yu, 2011). 
However, a consensus on the relative contributions of these species in the overall DTT 
activity of ambient particles is currently lacking. 
Studies have also reported the association between DTT activity of ambient particles and 
cellular biomarkers such as fractional exhaled nitric oxide (FENO) - a marker of airway 
inflammation (Delfino et al., 2013), hemeoxygenase (HO-1) - an enzyme responsive to 
oxidative stress (Li et al., 2003b), and 3-(4,5-Dimethylthiazol-2-yl)-2,5-
Diphenyltetrazolium Bromide (MTT)-reduction activity (Steenhof et al., 2011). These 
studies suggest a plausible mechanistic link between DTT-assessed oxidative potential and 
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adverse health effects of ambient particles. Routine DTT analysis as part of large-scale 
toxicological and health studies involving aerosol exposure is needed to further establish 
the health relevance of the DTT assay (and other chemical assays in general). 
One major limitation in conducting the DTT assay on a large scale is its laborious and time-
intensive analytical protocol, which requires precise handling practices at each step of the 
reaction for an accurate determination of the rate of DTT oxidation. Researchers have also 
developed alternative approaches to conduct the DTT assay other than the traditional 
protocol (Cho et al., 2005) for new applications. For example, a paper-based analytical 
device (µPAD) DTT assay was developed for personal exposure studies (Sameenoi et al., 
2012b) and a microfluidic electrochemical sensor coupled with a particle-into-liquid-
sampler (PILS) was developed for real-time measurement of aerosol DTT activity (Koehler 
et al., 2014; Sameenoi et al., 2012a). We have developed a semi-automated system using 
programmable syringe pumps with selector valves for conducting the DTT assay on 
various extracts. The system is based on a simplified protocol in which the aerosol extract 
oxidizes DTT in a single vial. A small aliquot is withdrawn at various time intervals to 
determine the remaining DTT concentration and calculate the rate of DTT consumption. 
Particulate samples are extracted to an aqueous state and analyzed in batches using an auto-
sampler, at roughly one hour per sample. Extraction liquids can be either deionized water 
or organic solvents, in the latter case the solvent is evaporated and reconstituted in 
deionized water. The system was validated against the manual protocol using both 
standards and ambient filter samples. The DTT activity of more than 500 samples collected 
from the southeastern United States as part of the Southeastern Center for Air Pollution & 
Epidemiology (SCAPE) were analyzed for this study. Here we provide a detailed 
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description and characterization of the automated system and an overview of aerosol 
oxidative potential in the southeastern United States. Sources and components of PM2.5 
that produce the DTT activity are presented in other papers. 
2.3 Methods 
2.3.1 Chemicals 
Dithiothreitol (DTT), Tris base, dimethyl sulfoxide (DMSO), 5,5’-dithiobis-(2-
nitrobenzoic acid) (DTNB) and 9,10-phenanthraquinone (PQN) were obtained from Sigma 
Aldrich (St. Louis, MO, USA). Trichloroacetic acid (TCA, 10% w/v) was obtained from 
LabChem Inc. (Pittsburgh, PA, USA). Monopotassium phosphate (KH2PO4), dipotassium 
phosphate (K2HPO4), and ethylenediaminetetraacetate (EDTA) were obtained from VWR 
International LLC (West Chester, PA, USA). Details of the chemical preparation and 
storage are provided in the Appendix A.1  Chemical preparation and storage 
information. 
2.3.2 Automated DTT assay system development 
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Figure 2-1. Automated system protocol. 
 
Illustrated protocol and setup schematic of the semi-automated DTT assay system are 
shown in Figure 2-1 and Figure 2-2, respectively. There are three steps in the automated 
DTT method. In the first step (DTT oxidation step), 3.5 mL of the aerosol extract sample 
and 1 mL potassium phosphate buffer (0.5 mM) are loaded into an incubation vial (Figure 
2-1 & 2-2) (sterile polypropylene centrifuge tube, VWR International LLC, Suwanee, GA, 
USA) using a programmable syringe pump (A) (Figure 2-2) (Kloehn, Inc., Las Vegas, NV, 
USA). 0.5 mL of DTT (1 mM) is then added to the incubation vial using another 
programmable syringe pump (B) (Figure 2-2). The DTT-buffer-sample mixture is 
incubated at 37 °C and continuously shaken at a rotational frequency of 400 rpm via a 
ThermoMixer (incubating accuracy: ±0.5 °C, Eppendorf North America, Inc., Hauppauge, 
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NY, USA). DTT in the mixture is consumed over time in the incubation vial due to catalytic 
reaction of DTT-active components of the aerosol extract.  
 
 
Figure 2-2. Automated system setup. 
 
In the second step (DTT determination step), at a specified time (4 minutes) following the 
completion of step one, a small aliquot (100 µl) of the incubated mixture is withdrawn and 
transferred to another centrifuge tube (referred to as, reaction vial), wrapped in aluminum 
foil to prevent possible light interference, using Pump B. This is mixed with 1 mL TCA 
(1% w/v; the quenching agent), which had previously been added to the reaction vial by 
pump A. The quenched mixture with residual DTT is further mixed with 2 mL of Tris 
buffer (0.08 M with 4 mM EDTA) and 0.5 mL DTNB (0.2 mM) added by pump A. 
Reaction between the residual DTT and DTNB forms a light absorbing product, 2-nitro-5-
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thiobenzoic acid (TNB), which has a high extinction coefficient of 14,150 M-1 cm-1 at 412 
nm wavelength. Pump A then withdraws the final mixture from the reaction vial and pushes 
it through a Liquid Wave-guide Capillary Cell (LWCC-M-100; World Precision 
Instruments, Inc., FL, USA) with an optical path length of 100 mm. The waveguide is 
coupled to an online spectrophotometer (Ocean Optics, Inc., Dunedin, FL, USA), which 
included a UV-VIS light source (Ocean Optics DT-Mini-2), and a multi-wavelength light 
detector (USB4000 Miniature Fiber Optic Spectrometer). Absorbance intensity at 412 nm 
and 700 nm (chosen as the baseline absorbance for TNB) are recorded every 2 seconds 
using data acquisition software (SpectraSuite). The system then performs a self-cleaning 
using deionized water (DI water, >18 MΩ cm-1) to eliminate any residual liquid in the 
reaction vial, tubing, syringes and LWCC. This second step is repeated four more times, at 
specific time intervals (13, 23, 30 and 41 minutes), generating a total of 5 data points of 
remaining DTT concentration with time. Following this, the automated system again 
performs a self-cleaning routine (third step) to ensure no carry-over in the incubation vial, 
tubing, syringes, and LWCC, before analyzing the next aerosol sample. A 14-port Multi-
position Valve (VICI® Valco Instrument Co. Inc., USA) is used to consecutively select 
individual aerosol samples for analysis. The Kloehn control program code written for 
conducting the DTT assay, including hardware and software details are included in the SI. 
The automated system is cleaned periodically (about every 15 days) by flushing at least 3 
times with methanol, followed by 6 times with DI water. 
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Figure 2-3. Example of an absorbance plot for a filter blank (a) and an ambient 
aerosol sample (b). 
 
DTT activity determination: Figure 2-3 shows an example of the absorbance intensity plot 
measured over time for a filter blank (a) and sample (b), obtained from the data acquisition 
software. The time intervals (4, 13, 23, 30 and 41 min) represent the incubation duration 
of DTT and sample in potassium phosphate buffer for each measurement. Withdrawal of 
the mixture containing TNB and pushing it through the LWCC (DTT determination step) 
causes the corresponding jumps in light absorbance at 412 nm [A1, A2, A3, A4, A5 in Figure 
2-3 (a)]. After the absorbance measurement, pump A pushes DI water through the LWCC, 
which returns the absorbance back to the baseline value [i.e. absorbance at 412 nm equals 
absorbance at 700 nm; B1, B2, B3, B4, B5 in Figure 2-3 (a)], thus generating a series of 
roughly square bars. A decreasing absorption intensity between successive measurements 
(A1>A2>A3>A4>A5) for a sample reflects the DTT oxidation over time. During each 
specified DTT measurement time interval, absorbance decreases (angled top of the square 
 19 
wave in Figure 2-3); the average of the initial five absorbance data is taken as characteristic 
absorption for each interval. The rate of DTT consumption (σDTT, nmol/min) was 
determined from the slope and intercept of the linear regression of measured absorbance 
versus time as follows: 
𝛔𝐃𝐓𝐓 = −𝛔𝐀𝐛𝐬 ∗
𝑵𝟎 𝒏𝒎𝒐𝒍
𝑨𝒃𝒔𝟎
        (Equation 1), 
where σAbs is the slope of absorbance versus time; Abs0 is the initial absorbance calculated 
from the intercept of the linear regression of absorbance versus time; and N0 is the initial 
moles of DTT added to the reaction vial. A steeper slope corresponds to a higher rate of 
DTT consumption. The final DTT activity for a sample was calculated by subtracting a 
blank value from the sample and normalized by sample air volume or particle overall mass 
(or mass of a specific component) represented by the sample in the incubation vial, 
expressed in the units of nmol/min/m3 for volume normalized DTT activity (DTTv), or 
nmol/min/µg for mass normalized DTT activity (DTTm). DTTm represents the intrinsic 
property of particles linked to sources, while DTTv accounts for the emission rate, dilution, 
etc., and characterizes exposure to the aerosol. Thus, 
𝑫𝑻𝑻 𝒂𝒄𝒕𝒊𝒗𝒊𝒕𝒚 =
𝛔𝐃𝐓𝐓 𝒔𝒂𝒎𝒑𝒍𝒆−𝛔𝐃𝐓𝐓 𝒃𝒍𝒂𝒏𝒌
𝑽𝒂𝒊𝒓 (𝐨𝐫 𝑴𝒑𝒂𝒓𝒕𝒊𝒄𝒍𝒆) 
        (Equation 2), 
where Vair and Mparticle are the ambient air volume (m
3) and total PM mass (µg) represented 
by the sample in the incubation vial, respectively. For example, a 3.5 mL sample of 
concentration 40 µg/mL would represent a total PM mass of 140 µg (3.5 × 40) in the 
incubation vial. 
2.3.3 Ambient samples collection and preparation 
2.3.3.1 Sampling 
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For this study, ambient PM2.5 samples were collected over 23 hours on pre-baked quartz 
filters (Pallflex® TissuquartzTM, 8×10 inches) using high-volume (Hi-Vol) samplers 
(Thermo Anderson, flow rate normally 1.13 m3/min) as part of SCAPE. One sampler was 
fixed at a stationary site, Jefferson Street (JST), a central site representative of the Atlanta 
urban environment, while the other sampler (Trailer) was rotated among a road-side (RS), 
a near-road (Georgia Tech - GT), and a rural site (Yorkville - YRK), sampling in parallel 
with the fixed monitoring station (JST). Site characteristics are: 
1) RS site was situated within 5 m distance from the interstate highway (I75/85) in 
Midtown Atlanta and was chosen for capturing immediate traffic emissions;  
2) GT site was located on the rooftop of the Ford Environmental Science and 
Technology Building at Georgia Tech, Atlanta, roughly 30 m above ground level, 
840 m from the RS site, providing an intermediate location between RS and the 
central urban site (JST);  
3) YRK site is situated in an agricultural region located approximately 70 km west 
of JST, representative of a rural environment.  
Other sites also include an urban site in Birmingham (BHM), Alabama and its paired rural 
site, Centerville (CTR), Alabama. JST, YRK, BHM, and CTR are all part of the 
Southeastern Aerosol Research and Characterization Study (SEARCH) network sites 
(Hansen et al., 2003). A map of sampling sites is provided in the section 2.6 Figure 2-10. 
Ambient particles were collected from June 2012 to September 2013. For two periods 
(November 2012 and April 2013), the trailer was located at the stationary JST site for side-
by-side comparisons. Table 2-1 provides the sampling schedule and number of filters 
collected at each site. In total, 503 Hi-Vol filters were collected over 15 months. Three 
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seasons are defined based on the temperature profile throughout sampling period (see 
section 2.6 Figure 2-11) - summer, fall, and winter, as shown in Table 2-1. Collected 
samples were immediately wrapped in pre-baked aluminum foil and stored at -18 °C until 
analyzed.  
 
Table 2-1. Sampling schedule and number of Hi-Vol filters collected at each site 
from June 2012 to September 2013. 
 Year. Month Season Stationary site Sample size Trailer site Sample size 
2012.6-7 Summer JST 31 YRK 33 
2012.7-8 Summer JST 37 GT 38 
2012.9-10 Fall JST 26 RS 29 
2012.11 JST 13 JST 14 
2012.12 Winter JST 22 YRK 22 
2013.1-2 Winter JST 30 RS 31 
2013.3 Winter JST 23 GT 22 
2013.4 JST 14 JST 14 
2013.6-7 Summer CTR 30 BHM 31 
2013.9-10 Fall GT 23 RS 20 
Total number of filters     503 
 
2.3.3.2 Extraction of PM filters 
All filters extracted in DI water via the following method were also extracted with 
methanol, dried and reconstituted in DI water for DTT analysis. Both water and methanol 
extracts were separated by solid phase extraction (C-18 resin). DTT activity was analyzed 
with this system in order to explore the oxidative potential of chemical sub-fractions of the 
ambient aerosol. Thus, not including blanks and standards, for this project on the order of 
2,000 extracts were analyzed for DTT activity. For the water extraction procedure, portions 
of the filters (about 1/28 area of the Hi-Vol filter, three one-inch diameter punches) were 
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punched and extracted in 15 mL of DI water in sterile polypropylene centrifuge tubes 
(VWR International LLC, Suwanee, GA, USA) by sonication for 30 minutes. Extracts were 
then filtered using PTFE 0.45 µm syringe filters (FisherbrandTM, Fisher Scientific, PA, 
USA) to remove insoluble components, and divided into two fractions. One fraction of at 
least 5 mL was analyzed for DTT activity using the automated system. The other fraction 
was reserved for other chemical analysis. Here we focus only on the discussion of DTT 
analysis of only the direct water extracts.  
2.3.4 PM2.5 mass concentration  
PM2.5 mass concentration was measured by a Tapered Element Oscillating Microbalance 
(TEOM) at the SEARCH sites, i.e. JST, YRK, BHM and CTR by Atmospheric Research 
Analysis (ARA, Inc.) and retrieved from the data archive. For the RS and GT sites, the PM 
mass concentrations were estimated from the sum of chemical components analyzed on the 
Hi-Vol filters and the summation method was calibrated with ARA TEOM at the JST site 
(slope = 1.34 ± 0.06, intercept = - 2.46 ± 0.59 µg/m3, r2 = 0.72, N = 162, see section 2.6, 
Figure 2-12). The measured components include EC (Sunset Laboratory OCEC analyzer), 
organic mass [OC*1.6 (Turpin and Lim, 2001)], water soluble metals [measured by X-ray 
fluorescence method (XRF)], and ammonium sulfate [assuming sulfate and ammonium are 
all (NH4)2SO4 (Zhang et al., 2010), where sulfate was calculated from sulfur measured by 
XRF]. Further description of the analytical procedure for each method will be reported in 




2.4 Results and discussion 
2.4.1 Automated system performance 
The performance of the automated system was assessed by conducting tests to determine 
instrument response, limit of detection (LOD), precision and accuracy using both standards 
and ambient particles.  
2.4.1.1 Automated system response to individual compound 
9,10-phenanthraquinone (PQN) has been shown to be capable of catalyzing the oxidation 
of DTT (Li et al., 2009; Kumagai et al., 2002), although it is not highly water-soluble. The 
automated system was assessed for linearity with PQN (Figure 2-4). The x-axis intercept 
(0.11 nmol/mL in the incubation vial) represents the minimum concentration of PQN 
required to produce a measurable signal on the system, pure water with blank subtracted. 
As shown, the response of the system to PQN is highly linear with a correlation coefficient 
(r2) of 0.98. At least one PQN per ambient sample batch (typically 12 samples) is used as 





Figure 2-4. Blank corrected DTT consumption rate as a function of PQN (9,10-
phenanthraquinone) used as a positive control. Each error bar represents the 
standard deviation of three independent DTT measurements on each concentration. 
 
2.4.1.2 Limit of detection 
The limit of detection (LOD) of the system, defined as three times the standard deviation 
of DI water-blanks (N = 37), is 0.31 nmol/min. Expressing the LOD in terms of the PM 
concentration of the sample extract (µg/mL) is not straightforward as it depends on many 
factors, including extraction efficiency and the relative fractions of DTT active components 
in ambient particles. Based on the analysis of 503 Hi-Vol samples in the present study from 
different sites (urban, rural and roadside), approximately 100 µg of PM2.5 mass loading on 
the filter, extracted in 5 mL of DI water was sufficient to have reliable results above LOD. 
The upper limit of the PM concentration is also constrained such that the DTT consumption 
remains less than 50% of the initial concentration to ensure the pseudo-1st-order reaction 
of the DTT oxidation. For most of the PM samples collected, roughly 1/28th area (typical 
PM2.5 mass loading = 0.2-1 mg) of a Hi-Vol filter, extracted in 15mL of DI water, yielded 
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a DTT consumption rate within these limits (0.8-2.6 nmol/min). In rare cases (<10 %) when 
the DTT consumption exceeds 50 %, only the initial consumption data points (at least 3) 
were used for the rate calculation.  
2.4.1.3 Precision  
The precision of the automated system for ambient samples was assessed by separately 
extracting seven different equal sections (1/28th each) of the same Hi-Vol filter in 15 mL 
of DI water and analyzed for DTT activity. A low standard deviation of 0.081 nmol/min 
[Coefficient of Variation (CV) = 4 %] indicates sufficiently high precision of the system 
for ambient samples. 
2.4.1.4 Accuracy  
The system was validated for accuracy by comparing the DTT activity of both standards 
and ambient PM samples obtained from the automated approach with that from the same 
experimental protocol performed manually.  
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Figure 2-5. Comparison of the automated system with manual operation using 
ambient aerosol extracts (PM2.5 samples collected from JST site, Atlanta, in Dec 2012) 
(Regression analysis was done by orthogonal regression. The dotted line is 1:1). 
 
Five replicates of the PQN standard (0.21 nmol/mL in the incubation vial) were run both 
on the automated system and manually. The DTT consumption rate obtained from the 
automated system (mean ± stdev of 0.77 ± 0.03 nmol/min, CV= 4.24%) was very close to 
that from the manual operation (0.74 ± 0.03 nmol/min, CV= 3.97 %). As further validation, 
nine ambient PM samples were analyzed for DTT activity by both manual and automated 
approach. As shown in Figure 2-5, an orthogonal fit yielded a slope (automated/manual) 
of 1.08 ± 0.12, intercept close to zero (-0.02 ± 0.03 nmol/min/m3), and correlation 
coefficient (r2) of 0.92. Further, a paired t-test shows no significant difference between the 
results obtained by two methods [t(8)<tcritical, p=0.05].  
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These tests demonstrate the robustness of the instrument as a viable alternative of the 
manual DTT assay making it useful for rapid and high throughput sample analysis for 
large-scale studies. 
2.4.2 Field evaluation of the automated system 
Table 2-2. Performance of the automated system as assessed by consistency of DTT 







DI Blank 37 0.10 28.1 
Field Blank extracted in DI water 63 0.11 31.1 
Standard (9,10-
Phenanthrenequinone) 55 0.19 15.0 
Coefficient of Variation (%CV) = StdDev/Avg*100 
 
The Southeastern Center for Air Pollution & Epidemiology (SCAPE) was a coordinated 
multi-investigator effort to characterize ambient gas/particle mixtures in southeastern U.S., 
to elucidate their sources and to assess their impacts on human health. The automated 
system was used to measure DTT activity on the set of samples (N = 503) collected from 
multiple sites during SCAPE. Multiple DI water blanks (N = 37), PQN standards (N = 55), 
in addition to field blanks (N = 63) collected during the sampling were analyzed along with 
the PM samples. This project provided an ideal opportunity for the field evaluation of the 
semi-automated DTT assay instrument. Table 2-2 summarizes the performance of the 
system as evaluated by the stability of the results from both standards and blanks. The 
system remained fairly consistent throughout the analysis with reasonably small variability 
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for both standards (CV = 15%) and blanks (DI blanks: CV = 28.1%; field blanks: CV = 
26.7%). 
2.4.2.1 Overall method precision 
The overall precision of the paired ambient sampling method utilized in this study was 
further assessed by comparing the DTT activity of PM2.5 samples collected simultaneously 
at JST using two Hi-Vols in November 2012 and April 2013 (shown in Figure 2-6). The 
orthogonal regression yields a slope of 1.03 ± 0.05, with an intercept of 0.02 ± 0.01 
nmol/min/m3, and r2 = 0.96. Considering the combined uncertainties from sample 
collection, pretreatment, and extraction, the good agreement between the two sampling 
systems demonstrates a high overall precision of DTT measurement for ambient samples. 
 
Figure 2-6. Overall method precision of the automated system precision assessed by 
PM2.5 filter samples (N = 24) collected simultaneously using two Hi-Vol samplers 
deployed side-by-side at JST during November 2012 and April 2013 (Regression 
analysis was done by orthogonal regression. The dotted line is 1:1). 
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2.4.2.2 DTT activity of ambient samples 
The time series of both water-soluble volume-normalized (DTTv) and mass-normalized 
(DTTm) DTT activity are shown in Figure 2-7 (a) and (b), respectively. Comparing the 
time series of DTTv [Figure 2-7 (a)] between paired sites shows that there is generally little 
divergence between sites, with the exception of the JST-YRK (urban-rural) pair in winter. 
Some of this uniformity is due to the 23-hour integrated sampling time of the Hi-Vol filters, 
which dampens any diurnal variability in the emission sources contributing to PM 
oxidative potential. Figure 2-8 shows the distribution of water-soluble DTTv and DTTm 
data of ambient PM2.5 obtained in our study in comparison with those from other studies 
(Charrier and Anastasio, 2012; Verma et al., 2009b; Hu et al., 2008; Ntziachristos et al., 
2007; Cho et al., 2005). Our DTTv data [Figure 2-8(a)] are in the range reported in other 
studies, with an exception for RS (measurements made adjacent to a high-traffic highway), 
which is lower in the present study. However, comparing the DTTm levels, RS DTTm are 
well within the typical range of other studies and thus our lower DTTv levels are most 
probably attributed to higher PM2.5 concentrations reported in other studies sampling by 
roadways. Our study generally shows a broader span for urban and rural sites than reported 
previously, which is likely due to the much larger dataset collected over a yearlong period 
that captured a wider range of sources and ambient conditions. Overall, these results show 




Figure 2-7. Water-soluble DTT activity of the ambient particles collected in paired 
sampling sites. The plots show (a) volume-normalized (DTTv) and (b) mass-
normalized (DTTm) DTT activity at JST (urban, black) paired with YRK (rural, 
green), RS (roadside, red), GT (near-road, blue). Also included is the CTR (rural, 




Figure 2-8. Distribution of water-soluble volume-normalized (a) and mass-
normalized (b) DTT activity (oxidative potential) of ambient PM2.5 in our study 
compared with other studies. Data from this study are expressed as median, maximal, 
minimal, percentile 25 and 75. Roadside/freeway - sampling sites are located adjacent 
to road/highway; Near roadside/freeway - sampling sites are further away but less 
than 1km from road/freeway. *- numbers not presented in the paper, thus estimated 
from graphs. 
 
2.4.2.3 Seasonal and spatial variability  
Seasonal and spatial variability of aerosol oxidative potential (both DTTv and DTTm) in 
the southeast US were assessed by Analysis of Variance (ANOVA) tests and Coefficient 
of Divergence (COD), respectively. The ANOVA tests were used to assess differences 
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between seasons at a given site (section 2.6 Table 2-4 and Table 2-5), and the COD  
(Wilson et al., 2005) was calculated to assess spatial variability (See section 2.6 Table 2-6). 
The COD is calculated as follows: 









𝒊=𝟏               (Equation 3) 
where cij and cik are the 23-hour averaged DTT activity (nmol/min/m
3) measured at site j 
and k, respectively, and N is the sample size. COD ranges from 0 to 1, with values close to 
0 representing a homogenous distribution and those near 1 indicating heterogeneity.  
Based on ANOVA tests, there was high heterogeneity across seasons for DTTv at JST (p 
= 0.01, see section 2.6 Table 2-5) with the highest DTTv in winter [December (winter) 
/June (summer) = 1.51], while there was no significant seasonal variation observed at YRK, 
GT and the RS site (p>0.01). In comparison to DTTv, there are greater seasonal variations 
in DTTm, for example, average DTTm at most sites showed much higher levels in winter 
than summer and fall (winter/summer = 1.4, 1.2, and 2.2 for YRK, GT, and JST, 
respectively). ANOVA tests also validated the pronounced seasonal differences for DTTv 
and DTTm at JST and DTTm at other sites (p <0.01, see section 2.6, Table 2-5 and Table 
2-6). The higher seasonal differences in DTTm may suggest that the specific chemical 
components that contribute to the oxidative potential of particles varies between seasons 
and originate from different sources. 
Relatively low levels of the CODs (<0.25) (Table 2-3) found for both DTTv and DTTm at 
paired-sites indicate spatial homogeneity of water-soluble aerosol oxidative potential in the 
region, suggesting dominant DTT activity sources are regional in nature. Note that JST/RS 
and GT/RS pairs, in both fall seasons, show slightly lower CODs (more uniformity) in 
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DTTv than in DTTm (COD for DTTv = 0.13 and 0.18 compared to COD for DTTm = 0.23 
and 0.31 for JST/RS and GT/RS, respectively). This indicates that although there may be 
unique local sources at the RS site, for example, primary vehicle emissions and re-
suspended dust, their overall contribution was not substantial compared to the regional 
DTT signal and so was not clearly resolved. 
 
Table 2-3. Spatial heterogeneity of DTTv and DTTm assessed by Coefficient of 
Divergence (COD) 
Season Paired sites CODv (DTTv) CODm (DTTm) 
Summer JST/YRK 0.21 0.23 
Summer JST/GT 0.15 0.15 
Fall JST/RS 0.13 0.23 
Winter JST/YRK 0.25 0.15 
Winter JST/RS 0.17 0.18 
Winter JST/GT 0.23 0.22 
Summer 2013 BHM/CTR 0.12 0.15 
Fall 2013 GT/RS 0.18 0.31 
 
2.4.2.4 Oxidative potential and PM2.5 mass  
Figure 2-9 shows the correlation between DTT activity (DTTv) and PM2.5 mass 
concentrations for all the sites and seasons. DTTv correlates with PM concentration in 
various degrees (Pearson’s r = 0.49-0.88), but generally, the correlations are high for most 
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sites. For JST, the representative urban site, Pearson’s r is particularly high (r = 0.76-0.82) 
in all seasons. Lowest DTTv - PM2.5 mass correlations were at the road-side site, probably 
due to the influence of unique RS sources that contributed to mass but not significantly to 
DTT activity (average PM2.5 concentrations are 8.7 and 8.2 µg/m
3 at JST compared to 10.4 
and 9.5 µg/m3 at RS in fall and winter, respectively). It is important to note that despite the 
significant correlation, the slope for DTT activity versus PM2.5 mass varies among different 
sites and seasons. Overall, we attribute the variation in the degree of association between 
DTT activity and PM2.5 mass to the varying PM chemical composition. This is also 
supported by the spatial and seasonal variability in intrinsic DTT activity (per mass) as 
discussed above. This analysis suggests that DTT activity in the southeast is likely, to a 
significant extent, related to regional sources and not dominated by a single source or a 
limited number of species. Further investigation on identifying the specific sources and 
aerosol chemical components linked to PM oxidative potential will be discussed in 
subsequent publications (Verma et al., 2014). 
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Figure 2-9. Correlation (Pearson’s r) between water-soluble DTT activity (DTTv) and 
PM2.5 mass concentration at JST (urban), YRK (rural), RS (roadside), GT (near-
road), CTR (rural), BHM (urban) sites. 
 
Studies have shown a correlation between health end-points and PM2.5 mass (Gholampour 
et al., 2014; Tong et al., 2012; Peter and Steffen, 2010). The overall correlation between 
water-soluble DTT activity and PM2.5 mass concentration observed in this study may help 
explain, at least in part, some of these associations. However, the varying degree of 
correlation between DTT activity and PM2.5 mass at different sites and seasons suggests 
that there might be additional advantages of including PM oxidative potential in health 
studies, rather than relying on PM mass alone. More work is required to identify specific 
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compounds that are most sensitive in the DTT probe and test how they may contribute to 
the observed ambient DTT activity. Application of the DTT probe and other acellular and 
cellular assays in different regions that have a different mix of emission sources is also 
needed to better understand the possible links between aerosol oxidative potential and 
health endpoints. The automated DTT assay analytical instrument described here would 
facilitate these types of future studies. Finally, although the analytical system described 
here can provide new insight on aerosol oxidative properties from large data sets, it does 
not solve limitations associated with filter-based particle collection approaches, which 
entail artifacts due to losses of semi-volatile DTT-active species during sampling and 
handling procedures. Adapting the DTT assay to an online system could limit sampling 
artifacts and provide new insights into DTT sources and atmospheric processing that more 
highly time-resolved data can provide. 
2.5 Conclusions 
An automated analytical system for quantifying the oxidative potential of aerosol liquid 
extracts using the DTT assay was developed. The system follows the analytical approach 
developed by Cho et al., (2005) and is capable of one DTT activity measurement per hour. 
The system response was assessed by 9,10-phenanthraquinone (PQN), which was used as 
a positive control when running a series of ambient samples. The method LOD was 0.31 
nmol/min. Analytical precision based on both PQN (CV = 15 %) and ambient samples 
(CV= 4%) was high. The instrument was further validated for accuracy by comparing with 
the manual procedure using ambient PM samples (r2 = 0.92, slope = 1.08 ± 0.12). The 
suitability of the system for large-scale application was assessed by analyzing more than 
500 filters collected in the southeastern US as part of SCAPE, the joint Emory/Georgia 
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Tech Clean Air Research Center. The data shows that water-soluble PM2.5 DTT activity on 
a per volume of air basis was spatially uniform and generally correlated with PM2.5 mass 
(r = 0.49 to 0.88), indicating regional sources for aerosol oxidative potential. However, the 
higher seasonal heterogeneity in the intrinsic water-soluble DTT activity (per PM mass 
basis) may indicate that the dominant regional sources change with season. More in-depth 
analysis of the extensive data set generated with the instrument will be forthcoming. 
Finally, it is noted that the method can be altered to run smaller sample volumes, for 
situations involving samples of lower mass loadings. It has also been modified for ROS 
analysis using other assays (e.g., ascorbate depletion assay). The automated system 
presents a useful new tool for rapid and high throughput measurement of the DTT activity 
of ambient particle extracts. Its application can facilitate routine use of PM oxidative 
potential in toxicological, panel exposures, and epidemiological studies.  
2.6 Supporting materials 







Labor involved Yes No 
Numbers of samples analyzed 
daily 5-8 24 
Time for each sample, h 1 1 
Remote control No Yes 
Reaction Volume, mL 1 5 
Reaction Vial Multiple vials Single vial 




Table 2-5  The seasonal variation on volume-normalized water-soluble DTT 
activity assessed by ANOVA tests 
Site Season 








Summer 0.28 0.01 33 
0.01 0.91 7.14 
Winter 0.28 0.01 22 
RS 
Fall 0.33 0.01 29 
3.87 0.03 4.89 Winter 0.36 0.02 31 
Fall 2013 0.27 0.00 20 
GT 
Summer 0.24 0.01 38 
2.42 0.10 4.88 Winter 0.25 0.02 22 
Fall 2013 0.20 0.00 23 
JST 
Summer 0.29 0.02 31 
3.15 0.01 3.13 
Summer 0.29 0.00 37 
Fall 0.34 0.01 26 
Winter 0.43 0.03 22 
Winter 0.33 0.04 30 
Spring 
2013 










Table 2-6 The seasonal variation on mass-normalized water-soluble DTT activity 
assessed by ANOVA tests 
Site Season 
Mean ± variance 
(pmol/min/µg) 
N F P-value Fcritical 
YRK 
Summer 29.76 0.16 33 
15.01 3.01E-04 7.15 
Winter 42.38 0.10 21 
RS 
Fall 31.15 0.02 29 
1.84 0.17 3.12 Winter 35.65 0.07 28 
Fall 2013 32.71 0.18 20 
GT 
Summer 26.16 0.05 38 
19.89 1.05E-07 3.11 Winter 30.60 0.06 20 
Fall 2013 18.06 0.02 23 
JST 
Summer 25.35 0.05 31 
25.17 9.33E-19 3.13 
Summer 29.86 0.03 37 
Fall 41.06 0.12 26 
Winter 55.54 0.28 22 
Winter 37.17 0.12 30 




(a)   
(b)  




Figure 2-11 Temperature profile from May 2012 to September 2013 in Atlanta, GA 
 
Figure 2-12 Comparison of estimated PM2.5 concentration from the sum of 
components determined from the High Volume filters, which included: EC, organic 
mass (OC*1.6), ammonium sulfate and water soluble metals concentration with the 
PM2.5 measured by TEOM from Atmospheric Research Analysis data archive at the 
SEARCH JST site. EC/OC - Sunset Laboratory TOT analyzer; water soluble metals 




× [S], assuming sulfate and ammonium are all (NH4)2SO4 
and [S] (sulfur) were obtained from XRF metals analysis. (The equation was obtained 
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Water-soluble redox-active metals are potentially toxic due to the ability to catalytically 
generate reactive oxygen species (ROS) in vivo, leading to oxidative stress. As part of the 
Southeastern Center for Air Pollution and Epidemiology (SCAPE), we developed a method 
to quantify water-soluble elements, including redox-active metals, from a large number of 
filter samples (N = 530) in support of the Center’s health studies. PM2.5 samples were 
collected during 2012-2013 at various sites (three urban, two rural, a near-road, and a road-
side site) in the Southeastern United States, using high-volume samplers. Water-soluble 
elements (S, K, Ca, Ti, Mn, Fe, Cu, Zn, As, Se, Br, Sr, Ba, and Pb) were determined by 
extracting filters in deionized water and re-aerosolized for analyses by X-ray fluorescence 
(XRF) using an online aerosol element analyzer (Xact, Cooper Environmental). 
Concentrations ranged from detection limits (nominally 0.1 to 30 ng/m3) to 1.2 µg/m3, with 
S as the most abundant element, followed by Ca, K, Fe, Cu, Zn, and Ba. Positive Matrix 
Factorization (PMF) identified four factors that were associated with specific sources based 
on relative loadings of various tracers. These include brake/tire wear (with tracers Ba and 
Cu); biomass burning (K); secondary formation (S, Se, and WSOC); and mineral dust (Ca). 
Of the four potentially toxic and relatively abundant metals (redox active Cu, Mn, Fe, and 
redox-inactive Zn), 51% of Cu, 32% of Fe, 17% of Mn, and 45% of Zn, were associated 
with the brake/tire factor. Mn was mostly associated with the mineral dust factor (45%). 
Zn was found in a mixture of factors, with 26% associated with mineral dust, 14% biomass 
burning, and 13% secondary formation. Roughly 50% of Fe and 40% of Cu was 
apportioned to the secondary formation factor, likely through increases in the soluble 
fraction of these elements by sulfur-driven aerosol water and acidity. Linkages between 
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sulfate and water-soluble Fe and Cu may account for some of the past observed 
associations between sulfate/sulfur oxide and health outcomes. For Cu, Mn, Fe, and Zn, 
only Fe was correlated with PM2.5 mass (r = 0.73-0.80). Overall, mobile source emissions 
generated through mechanical processes (re-entrained road dust, tire and break wear) and 
processing by secondary sulfate were major contributors to water-soluble metals known to 
be capable of generating ROS. 
3.2 Introduction 
Many fine particle (PM2.5) chemical components have been reported as potential 
contributors to particle toxicity that can lead to various adverse health endpoints, including 
secondary sulfates (Atkinson et al., 2010; Maynard et al., 2007; Pope et al., 2002), 
elemental carbon (Kleinman et al., 2007; Brunekreef et al., 1997), metals (Gasser et al., 
2009; Burchiel et al., 2005; Pope et al., 2002; Burnett et al., 2000), organic carbon 
(Kleinman et al., 2007; Nel et al., 2001), semi-volatile organic species (Seagrave et al., 
2005; Seagrave et al., 2002), and polycyclic aromatic hydrocarbons (PAHs) (Lundstedt et 
al., 2007; Burchiel et al., 2005). Identifying the components of aerosols that are responsible 
for health effects provides a means for effective air quality mitigation by controlling 
specific sources. 
Metals are known to exert pro-oxidant and pro-inflammatory effect in the respiratory 
system (Cho et al., 2011; Li et al., 2010), and the water-soluble fraction of metals are of 
special interest as they are more bioavailable (Heal et al., 2005; Shi et al., 2003) and may 
have higher risk potential. For example, a study with concentrated ambient particles 
(CAPS) associated inflammatory endpoints (pulmonary and hematological responses) to 
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water-soluble Fe/Se/S and Cu/Zn/V factors (Huang et al., 2003). Another CAPS study 
found that the plasma fibrinogen levels (a coronary risk indicator) in spontaneously 
hypertensive rats were better correlated with water-soluble metals (especially Zn) than total 
PM mass (Kodavanti et al., 2005). PM2.5 water-soluble metals were found to be 
significantly associated with small reductions in birth weight (Darrow et al., 2011) and 
daily preterm birth rates (Darrow et al., 2009) in an Atlanta, GA, study.  
Water-soluble transition metals toxicity may be due to their ability to generate free radicals, 
for example, via redox cycling with biological reductants (Chevion, 1988; Stohs and 
Bagchi, 1995). Transition metals have varying oxidation states, thus metals, especially Fe 
and Cu, can act as a catalyst for the reactions, e.g. Fenton reaction that converts hydrogen 
peroxide to the more toxic hydroxyl radicals (Liochev and Fridovich, 2002; Stohs and 
Bagchi, 1995). Metal-mediated formation of free radicals may lead to DNA modifications, 
enhanced lipid peroxidation, and altered calcium and sulfhydryl homeostasis (Valko et al., 
2005). Water-soluble transition metals have been identified as the potential contributors to 
reactive oxygen species (ROS) production by different ROS probes such as the DTT 
(dithiothreitol) (Charrier and Anastasio, 2012), AA (Ascorbate Acid) (Strak et al., 2012; 
Fang et al., 2016), and macrophage (Saffari et al., 2014b; Verma et al., 2010) assays. 
Since most metals in PM have low’ solubilities (e.g., Zn ~50%; Cu and Mn 10-40%; Fe 
<10%) (Birmili et al., 2006; Espinosa et al., 2002), total element concentrations may not 
represent the roles of redox-active metals’ potential effects on human health. The objective 
of this work, within the framework of the Southeastern Center for Air Pollution & 
Epidemiology (SCAPE) study, was to provide a reliable measurement of PM2.5 water-
soluble element concentrations from filter samples collected at seven sites in the 
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Southeastern U.S. that represent different degrees of anthropogenic and traffic influence. 
A cost-effective and automated method was required since over 500 filters were available 
for analyses. The resulting unique large and comprehensive dataset allowed for robust 
statistical analyses and has informed studies on particle ROS-generating activities based 
on the DTT (Verma et al., 2015a; Verma et al., 2014) and AA assays (Fang et al., 2016). 
The data have provided new insights into the health effects of particulate water-soluble 
metals. This work focuses on a description of the measurement techniques, discussion on 
the spatiotemporal distribution, and source apportionment of water-soluble elements, with 
a specific focus on four important health-related water-soluble metals (Fe, Cu, Mn, and 
Zn). 
3.3 Methods 
The present work involves measuring water-soluble elements from filter extracts by re-
aerosolizing the extract and sampling with an online X-ray fluorescence (XRF) instrument. 
The ambient mass concentrations of the following water-soluble elements were quantified: 
S (Sulfur), Ca (Calcium), K (Potassium), Fe (Iron), Cu (Copper), Zn (Zinc), Ba (Barium), 
Pb (Lead), As (Arsenic), Sr (Strontium), Se (Selenium), Br (Bromine), Mn (Manganese), 
and Ti (Titanium). S is also included in the discussion since it is a source indicator for 
secondary processing. 
3.3.1 Sampling sites and filter preparation 
3.3.1.1 Sampling sites 
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As part of the SCAPE study, 23-h integrated PM2.5 samples were collected on pre-baked 
(max temperature: 550 °C, time ramp: 3.5 h) quartz filters (Pallflex® Tissuquartz™, 8 × 
10 inches) from noon to 11am the following day with high-volume samplers (Hi-Vol) 
(Thermo Anderson, flow rate normally 1.13 m3 min−1) in Atlanta, GA, Birmingham and 
Centerville, AL, and East St. Louis, IL. The sites were: 
1) Jefferson Street, GA (JST), a central site representative of the Atlanta urban 
environment, also a stationary site in this study where one Hi-Vol sampler was 
operated for most of the study period; 
2) Yorkville, GA (YRK), a rural environment, situated in an agricultural region 
located approximately 70 km west of JST; 
3) Roadside, GA (RS), adjacent to an interstate highway (I75/85) in midtown 
Atlanta; 
4) Georgia Tech, GA (GT), a rooftop site on Georgia Tech campus, roughly 30 m 
above ground level, 840 m from the RS site, providing an intermediate location 
between RS and the central urban site (JST); 
5) Birmingham, AL (BHM), an urban site within a few kilometers of significant 
transportation and industrial sources; 
6) Centerville, AL (CTR), the rural pair of BHM, surrounded by forests and a lightly 
traveled rural road;  
7) East St. Louis, IL (Sauvain et al., 2008), an urban residential/light commercial 
area approximately 3 km east of the central business district of St. Louis, MO. 
JST, YRK, BHM, and CTR are all part of the Southeastern Aerosol Research and 
Characterization Study (SEARCH) network sites (Hansen et al., 2003). The sampling 
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approach involved paired simultaneous measurements: one high-volume sampler always 
at JST and the other sampler moved among RS, GT and YRK on a monthly basis, during 
different seasons. Paired sampling at BHM and CTR was also undertaken for a month and 
coincided with the Southern Oxidant and Aerosol Study (SOAS). Detailed sampling 
schedule and map can be found in the section 3.6 (Table 3-2 & Figure 3-9). Samples were 
collected from June 2012 to September 2013. In November 2012, two Hi-Vol samplers 
were co-located at JST for side-by-side comparisons. A total of 530 filters were collected 
as part of the study. In all cases, collected filter samples were immediately wrapped in 
prebaked aluminum foil and stored at -18 °C until analyzed.  
3.3.1.2 Filter preparation 
Four punches of the Hi-Vol filter (5.07 cm2 each) were extracted in 15 mL of deionized 
(DI) water (> 18 MΩ cm−1) in a sterile polypropylene centrifuge tube (VWR International 
LLC, Suwanee, GA, USA) by sonication (Ultrasonic Cleanser, VWR International LLC, 
West Chester, PA, USA) for half an hour. Extracts were then filtered using PTFE 0.45 µm 
syringe filters (FisherbrandTM) to remove insoluble material. 120 µL of high purity HNO3 
(OmniTrace® Ultra Nitric Acid, 67 - 70%, EMD Millipore Corporation, Billerica, MA, 
USA) was then added to 6 mL of the extract (resulting pH ≈ 0.7) to ensure the suspension 
of all dissolved metals, and were then transferred to a 5 mL DIONEX auto-sampler vial 
(PolyVialTM, Thermo Scientific). Some insoluble elements that are smaller than 0.45 µm 
diameter can be included in the water-soluble fractions defined by this method. It is also 
noted that water-soluble element concentrations are operationally defined by the extraction 
method, and may differ from how elements are dissolved in vivo.  
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3.3.2 Methods for measuring water-soluble element concentration 
A XactTM 625 automated multi-metals monitor (Cooper Environmental, OR, USA) was 
used to measure the concentration of elements in the liquid samples. The Xact collects 
particles on a reel-to-reel (RTR) Teflon filter tape, sampling at 16.7 L min-1 for a user 
selected time interval (30 minutes in this case), resulting in a concentrated PM spot on the 
tape. After the preset sampling interval, the tape is automatically advanced, positioning the 
PM spot for nondestructive X-ray fluorescence (XRF) analyses to quantify the mass of 
multiple elements. At the same time, the next sampling is initiated on a fresh tape spot. 
XRF response is calibrated using a series of metal film standards on B36 mount nucleopore 
membranes (Nano XRF, Fort Worth, TX, USA), including appropriate interference 
element analytes. With each sample, the Xact also includes a measurement of pure 
palladium as an internal standard to automatically adjust the detector energy gain. 
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Figure 3-1 Schematic of the automated system developed to measure elements in the 
water-soluble aerosol extracts using an online XRF element analyzer (XactTM 625). 
 
To introduce water-soluble metals from filter extracts in Xact, a computer-controlled auto-
sampling system was set up using a Dionex autosampler, a multiport injection valve and a 
continuous flow nebulizer so that sampling and analysis could be performed continuously, 
except during daily automated quality assurance checks (~1 hour). A schematic diagram 
of the overall system is shown in Figure 3-1. At “Load” position, liquid sample (at least 6 
mL) was loaded by a DIONEX automated sampler (AS40, DIONEX Corporation, 
Sunnyvale, CA, USA) through a SelectPro two-position fluid processor valve (Alltech, 
Deerfield, IL, USA) to a 5 mL PEEK sample loop (Upchurch Scientific, Inc., Oak Harbor, 
WA). After 2.5 minutes, at which point the sample loop had been completely filled with 
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extract liquid from the Dionex autosampler, the valve was switched to the “Inject” position 
and all 5 mL of sample injected to an ultrasonic nebulizer (CETAC U5000 AT+, CETAC 
Technologies, Omaha, NE, USA) via a carrier DI flow of 0.42 mL min-1 (DI1, Fig.1) 
propelled by a peristaltic pump (Ismatec, Cole-Parmer Instrument Company, Vernon Hills, 
IL, USA). In the continuous flow ultrasonic nebulizer, liquid sample was converted to a 
fine aerosol spray and directed by filtered carrier room air of 1.62 L min-1 through an 
evaporator at 136 °C followed by a condenser at 3°C. The dry aerosolized sample was 
neutralized by a Kr-85 (Model 3077A, TSI) ion source and then mixed with clean filtered 
(Pall HEPA Capsule) make-up air drawn into the Xact and through the filter tape by the 
Xact’s flow control system. After 14 minutes, at which point all sample in the sample loop 
had been transferred to the Xact filter tape, the system switched to “Load” position again, 
and DI water with HNO3 (final concentration = 2%) was loaded onto the sample loop (2.5 
min), after which the system switched to “Inject” position again, and the 2% HNO3 was 
directed to the nebulizer and the Xact. This cycle was performed to wash off any metal 
residuals in the liquid system. After 11 minutes, the filter tape was automatically advanced 
to a position where total mass for each element from the sample was measured by XRF 
analysis. At the same time, the system repeated the process for measuring the next sample 
(i.e., load sample-inject sample-load 2% HNO3-inject 2% HNO3, 2.5min-14min-2.5min-
11min cycle). To further ensure no carry-over between samples, a faster DI flow (DI2, 2.09 
mL min-1, Figure 3-1) was used for flushing while the SelectPro valve was at the “Load” 
position. Inserting 2% HNO3 between samples was found to be an effective method to 
eliminate carry-over between samples (Figure 3-10). 










     (Equation 4), 
where Ca is the specific element ambient concentration (ng m
-3); Csample (Cblank) and Vsample 
(Vblank) are the concentration of element (ng m
-3) and volume of air (m3) drawn through the 
filter tape for sample (blank), respectively, both reported by the XRF in the 30-min 
sampling time. 15 mL is the volume of DI water used for the filter extraction and 5 mL is 
the sample liquid volume loaded to the Xact. Afilter is the total particle collection area of 
the Hi-Vol filter (m2) and Apunches
 is the area used for this analysis (m2). Q is the Hi-Vol 
sampling flow rate (~1.13 m3 min-1) and t is the sampling duration (min). m is the 
calibration factor determined by multiple external element standard solutions, discussed 
below (section 3.3.3).  
A similar automated system with the DIONEX sampler, SelectPro valve, and a peristaltic 
pump was also used to measure water-soluble organic carbon (WSOC) on the extracts from 
the same Hi-vol filters. Filter extracts (~6mL) that had been loaded into a 5 mL sample 
loop, were first passed through a 1 m Liquid Wave-guide Capillary Cell (LWCC-M-100; 
World Precision Instruments, Inc., FL, USA), where absorbance at 365 nm wavelength 
(BrC) was measured (not included in this work). The extracts then entered a TOC analyzer 
(Sievers Model 900, GE Analytical Instruments, Boulder, CO, USA) for determining 
WSOC concentration (Sullivan et al., 2006). 
3.3.3 Calibration 
Multiple element-ion standard stock solutions [(NH4)2SO4, CaCl2, (NH4)2Fe(SO4)2, 
CuSO4, ZnCl2, and MnCl2] were prepared by dissolving powders in DI water with HNO3 
(2% final concentration) and stored in a refrigerator (T = 4°C). CuSO4 and (NH4)2Fe(SO4)2 
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were obtained from Sigma-Aldrich; CaCl2, MnCl2, and ZnCl2 were obtained from Alfa 
Aesar; (NH4)2SO4 was from Fisher Scientific. Final standard solutions were diluted from 
stock (20-200 times dilution), 2% HNO3 added, transferred to DIONEX vials, and ran 
through the same system as described above. 
 
Figure 3-2 System calibration based on multiple element-ion standard solutions. 
Error bars represent the standard deviation of three replicates. Slopes and intercepts 
are based on orthogonal regression with errors as one standard deviation. 
 
 
Figure 3-2 shows the system calibration using serial dilutions of multiple element-ion 
standards. Linear regression yielded r2 larger than 0.98 for all cases and similar slopes 
 54 
(0.47-0.60), indicating that the nebulizer efficiency and other losses in the system were not 
dependent on the specific element. Slopes from measured mass versus calculated mass of 
element-ion standard solutions for all standards were averaged and used as the calibration 
factor (m= 0.53 ± 0.05 in Eq. 4) to interpret all elements in samples. The intercepts were 
not included in the final ambient concentration calculation (Eq. 4) since the intercept of the 
sample and blank cancel out after blank subtraction. The standards were made in the range 
of typical sample concentrations and the intercepts were negligible (<2% of typical ambient 
levels). One standard ion solution was measured for every five filter samples and the 
coefficients of variation [CV, calculated as standard deviation (σ) /mean, %] were less than 
10% throughout the analyses of all filters, indicating that the system was capable of stable 
and reproducible operation. 
3.3.4 Blanks, LOD, and uncertainties 
The limits of detection (LOD) based on blank levels obtained from Hi-Vol filter blanks 
(N>40), and various uncertainties, as well as overall uncertainties for all elements,  are 
given in Table 3-1. The concentration of blanks was calculated using Eq.4 assuming 23-h 
sampling at 1.13 m3 min−1 and LOD was determined by three times the standard deviations 
of blanks. Values below LOD for S, K, Ca, Ti, Mn, Fe, Cu, Zn, As, Se, Br, Sr, Ba, and Pb 
were assigned as half of LOD values in all the statistical analyses below. Other elements 
detected by the Xact, such as Sc (Scandium), V (Vanadium), Cr (Chromium), Co (Cobalt), 
Ni (Nickel), Ge (Germanium), Rb (Rubidium), Ag (Silver), Cd (Cadmium), and Hg 
(Mercury), for which >50% of aerosol samples were below the detection limits, are not 
included in the table or subsequent discussion. Calculation of uncertainties is discussed in 
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section 3.3.5. For most elements, overall uncertainties are less than 20%. Ti, Sr, and Cu 
have the highest uncertainties of 28%, 25%, and 25%, respectively. 
3.3.5 Source apportionment 
A source apportionment analysis was performed with Positive Matrix Factorization (PMF) 
(Paatero and Tapper, 1994) using EPA PMF 5.0 software. PMF analysis was applied on 
the combined data from JST (summer, fall, winter 2012, and spring 2013), GT (fall, winter 
2012, and fall 2013), and RS (winter 2013 and fall 2013) (total N=299). Although the road-
side site generally has higher levels of metals than the urban site (JST) and near-road site 
(GT) (discussed in section 3.4.2.2), merging RS data with JST and GT in the analysis did 
not alter the PMF solutions substantially (factor profiles and source contributions), but the 
larger number of input data resulted in a more robust PMF solution. 14 elements (S, K, Ca, 
Ti, Mn, Fe, Cu, Zn, As, Se, Br, Sr, Ba, and Pb) and WSOC were run in the model with Ti 
and As categorized as weak species (low S/N signals). The concentrations, together with 
the uncertainties, were used as the input for PMF runs. Missing data were replaced by 
species median with 400% uncertainty and values below LOD were assigned as half of 
LOD values with uncertainties of 5/6 the concentration (Polissar et al., 1998). For other 
data, uncertainties for each species were determined by multiplying the concentration by 
overall uncertainties (%). Overall uncertainty was calculated from the sum of the square of 
various uncertainties including filter sampling (5%), extraction (5%), blanks (1 σ of 
multiple blanks, 2-15% depending on species), calibration (1 σ of the slope, 10%), and 
analytical uncertainty. The analytical uncertainty for elements was obtained by analyzing 
the same sample, a composite of extracts from 11 selected road-side samples 20 times and 
calculating the coefficient of variation (CV, %). The measured uncertainty for each 
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element, based on two side-by-side Hi-Vol samplers at JST, was also included in the 
overall uncertainty. This was done because the calculated uncertainties for some elements 
(e.g., Cu and Sr) are much smaller than the measured uncertainties from collocated 
measurements (Table 3-1). By combining two uncertainties, the uncertainties for all 
elements are slightly overestimating. Uncertainty from collocated measurements was 
calculated as the relative uncertainty of the slope (1 σ/slope), which was based on an 
orthogonal regression (discussed below, see Figure 3-4). Both uncertainties and the 
combined overall uncertainties for each element are given in Table 3-1. The PMF model 
was executed with 3-8 factors. Based on minimized Q values and physical interpretation 
of the solutions, a 4-factor solution was found to be optimal. Details on determining the 
optimal factor and bootstrapping results can be found in the Appendix A.2. 
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Table 3-1. Limits of detection (LOD), blanks (N>40) and uncertainties for all water-soluble elements 
Element LOD, ng/m3 Blank, ng/m3 
Analytical 
uncertainty, % 








Sulfur (S) 6.19 6.64 2.19 7.77 2.38 8.13 
Potassium (K) 16.45 11.80 2.47 9.89 6.06 11.63 
Calcium (Ca) 29.64 32.23 2.38 10.46 11.76 15.87 
Titanium (Ti) 0.09 0.06 15.79 21.08 18.68 28.22 
Manganese (Mn) 0.11 0.06 3.57 8.54 6.49 10.74 
Iron (Fe) 3.11 1.54 12.59 13.94 14.06 19.83 
Copper (Cu) 0.91 0.70 2.37 8.57 23.85 25.38 
Zinc (Zn) 1.87 1.89 4.56 9.90 8.24 12.90 
Selenium (Se) 0.02 0.01 8.94 12.17 7.79 14.46 
Bromine (Br) 0.03 0.02 3.93 8.50 4.49 9.62 
Strontium (Sr) 0.11 0.08 3.57 9.63 23.53 25.46 
Barium (Ba) 1.13 0.37 3.29 10.59 14.08 17.73 
Arsenic (As) - 0 6.97 10.17 3.53 10.77 




3.4 Results and Discussions 
3.4.1 Comparison with ion chromatography (IC) 
As a further test of the system, sulfate concentrations were determined on a subset of the 
Hi-Vol filter samples by ion chromatography and compared to the elemental analysis of 
sulfur. 200 filters that included samples from JST and GT were extracted in DI water (same 
procedure discussed in section Sampling sites and filter preparation, but without adding 
HNO3 in the extracts) and inorganic sulfate (IC-sulfate) was measured by an ion 
chromatography (IC, DX500 with UTAC-ULP1 concentrator column, AG11 guard 
column, and AS11 anion column, DIONEX, CA). IC-sulfate was then divided by 3 to 
convert to sulfur mass (molar mass of sulfate and sulfur are 96 and 32 g/mol, respectively) 
and directly compared to XRF-sulfur. Orthogonal regression shows good quantitative 
agreement and correlation coefficient (r2) of 0.96 (Figure 3-3). The discrepancy between 
sulfur measured by XRF and IC (slope of IC-sulfur vs XRF-sulfur = 0.79 ± 0.01) may be 
attributed to roughly 20% contributions from additional sulfur species, such as 
organosulfates that are not detected by the IC. Lower sulfur measured by IC versus XRF 
has also been observed in other studies (Shakya and Peltier, 2015; Tolocka and Turpin, 
2012; He et al., 2001). However, Hidy et al (2014) found no statistical evidence for 




Figure 3-3 Sulfur measured by XRF and 1/3 of sulfate measured by IC (results of 
orthogonal regression are shown, along with 1:1 ratio by a dotted line). 
 
 
3.4.2 Water-soluble elements 
3.4.2.1 Inter-comparisons of two collocated Hi-Vols 
Inter-comparisons of elements from two collocated Hi-Vol samplers (N=11) at JST in 
November 2012 are shown in Figure 3-4, and results included in Table 3-1. Orthogonal 
regressions resulted in strong correlations for most elements (r2 = 0.73-0.99) with moderate 
correlations for Cu (r2 = 0.57) and Sr (r2 = 0.61). The slopes show percentage differences 
(1-slope) are 1-10% for Cu, K, and Ti, 11-20% for S, Zn, Ca, Br, As, and Sr, and 20-36% 
for Pb, Mn, Se, Fe, and Ba. Overall, the two Hi-Vols show good agreement for measuring 
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water-soluble elements, considering the uncertainties from sampling, filter preparations, 
and extractions. The uncertainties in slope (1 σ) were used in calculating the overall 
uncertainties (section 3.3.3). The intercepts were relatively small and thus ignored.  
 
Figure 3-4 Precision from collocated measurements assessed by filter samples (N = 
11) collected simultaneously using two Hi-Vol samplers deployed at JST during 




3.4.2.2 Spatial and temporal trends 
Monthly average concentrations of water-soluble elements and WSOC at various sampling 
sites are given in Figure 3-5 and section 3.6 Figure 3-12, respectively. Three seasons 
(summer, fall, and winter) were grouped based on the temperature profiles in 2012 and 
2013, consistent with our previous work (Fang et al., 2015b; Verma et al., 2014). As seen 
from Figure 3-5, mass concentrations of water-soluble elements span a wide range, from 
0.1 ng/m3 to 1.2 µg/m3. S is the most abundant water-soluble element of the group 
measured, comprising 71 ± 14 % of the total measured element mass. Ca, K, Fe, Cu, Zn, 
and Ba follow with average (± 1 σ) fractions of 16 (± 12) %, 8 (± 5) %, 1.8 (± 1.3) %, 1.4 
(± 2.1) %, 1.4 (± 1.4) %, and 0.5 (± 0.6) %.  
Seasonal variability of all elements can be examined from the Atlanta urban sites (JST, 
GT, and RS). Besides S, commonly found to have a higher concentration in summer due 
to the higher SO2 oxidation rates in warm seasons (Hidy et al., 2014), most of the water-
soluble elements also had higher concentrations in summer/fall, such as Ca, Fe, Cu, Mn, 
Sr, and Se. The seasonal variability of these elements may be explained by different causes. 
Elevated concentration of some elements (Ca, Mn, and Sr) may be attributed to drier 
conditions in summer favoring the re-suspension of mineral dust; Cu and Fe may be related 
to secondary formation (discussed in the source apportionment in Sect. 3.4.2.3);and Se is 
likely due to its coal combustion origins (Bell et al., 2007), thus following a similar trend 
as S. In contrast, K can be associated with both biomass burning and mineral dust (Zhang 
et al., 2010; Hueglin et al., 2005) (discussed below &Figure 3-11) and has less seasonal 
variability, with only slightly higher concentrations in winter due to more biomass burning 
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Figure 3-5 Monthly mean (± standard deviation) of water-soluble elements ambient 
concentration (ng m-3) at various sampling sites. Seasons are separated by solid lines 
and simultaneous sampling at paired sites are separated by dashed lines (urban – 
JST, BHM, ESL; rural – YRK, CTR; near-road – GT; road-side – RS). 
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Spatial variability of water-soluble elements is important in assessing human exposure, 
within/across cities, for epidemiological studies, and provides insights on sources. The 
BHM site has a high ambient concentration of most water-soluble metals, such as Mn, Zn, 
and Pb, with respect to other sites, pointing to industrial sources for these metals in this 
urban environment. The ratio of averaged Mn, Zn, and Pb at BHM to its paired rural site 
CTR, is 3.3, 7.0, and 5.7, respectively. ESL, an urban site also strongly impacted by 
numerous industrial sources (Bae et al., 2006), has the highest Ca and Se concentrations 
among all sites, and higher Mn and Pb than all Atlanta sites (JST, GT, RS, and YRK). 
Among the four sites in Atlanta, there was a distinct relationship between the concentration 
of water-soluble elements and distance to traffic sources. Generally, the road-side (RS) site 
had much higher element concentrations relative to the rural YRK site, which had notably 
low concentrations of Cu, Ba, Sr and Ti. For example, the ratio of averaged Cu, Ba, Sr and 
Ti at RS to its paired Atlanta urban JST site, is 0.9, 3.4, 2.2 and 2.6 in fall and 3.3, 3.1, 4.6 
and 1.9 in winter, respectively. Comparing RS to the near-road GT site, ratios are 2.2, 2.7, 
2.5 and 2.6 in fall for Cu, Ba, and Ti. Concentrations at YRK were typically much lower 
than the paired JST urban site, both in summer (ratio of average concentration YRK/JST = 
1.1, 0.3, 0.5 and 0.5) and winter (0.4, 0.4, 0.4 and 0.3) for Cu, Ba, Sr, and Ti, respectively. 
To further explore the spatial heterogeneity of water-soluble elements in Atlanta and the 
surrounding region, the coefficient of divergence (COD) (Wilson et al., 2005) and 
correlation coefficient (Pearson’s r) were calculated for each paired site for all elements. A 
COD close to 0 represents a homogenous distribution, and near 1 indicates heterogeneity. 
Both are summarized in Table 3-3, and r values are shown in Figure 3-6. The COD and 
correlation coefficient (r) for WSOC were also included in Table 3-3. 
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Figure 3-6 Correlations (Pearson’s r) between paired sites for various water-soluble 
elements in Georgia (JST, RS, GT, and YRK). 
 
 
JST and GT are in close proximity. These two sites had the most similar concentrations for 
many water-soluble elements, with r ranging from 0.71-0.98 and relatively low CODs 
(0.06-0.20), except for Cu and Ti. In summer Cu measured at JST and GT have a moderate 
correlation (r = 0.68) but high COD (0.52), with much higher concentration at JST (mean 
 65 
= 19.1 ng/m3, median = 18.5 ng/m3) than GT (mean = 6.6 ng/m3, median = 5.1 ng/m3). In 
winter, although the average values are similar (3.7 and 3.6 ng/m3 for JST and GT, 
respectively), there is no correlation (r = -0.06) and COD is fairly high (0.35). Ti between 
the two sites has low correlations (r = 0.48 in summer and 0.51 in winter) and high COD 
(0.38 and 0.36 in summer and winter, respectively). 
For the urban/rural (JST/YRK) pair, S, K, Ca, Mn, and Se tended to co-vary and have 
similar concentrations at the urban and rural sites, pointing to a more regional characteristic 
(sources) for these elements. The other elements did not co-vary at these two sites and are 
generally higher at the urban site (JST).  
Comparison of the road-side site (RS) to the representative urban site (JST) provides 
insights into which elements are associated with traffic emissions and how they vary with 
season. S and K were not correlated well between JST and RS in both fall and winter, 
suggesting the presence of other local sources for S and K at the RS site, for example, re-
suspended dust (Minguillón et al., 2014; Hueglin et al., 2005). For Cu, Ba, Sr, and Ti, the 
high COD (>0.4), low r values (r < 0.3) between various paired sites, and their 
concentrations highest at RS, are all indicators of emissions associated with traffic as a 
dominant source (Figure 3-5).  
3.4.2.3 Source apportionment 
Positive Matrix Factorization was applied to the combined data from JST, GT, and RS 
(total N = 299), and four factors were resolved. They are labeled brake/tire wear, biomass 
burning, secondary formation, and mineral dust, based on the loading of specific elements 
identified as various source tracers. Note, metals as source tracers are typically based on 
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total metals, whereas here we are using the measured water-soluble concentrations. Factor 
profiles and time series plots (from the JST site) are shown in Figure 3-7(a) and (b), 
respectively. The percentage contribution of the various factors (sources) to the four 
important health-related metals (Cu, Fe, Zn, and Mn) is shown in Figure 3-8. Breakdown 
of sources for the other water-soluble elements and WSOC can be found in Figure 3-11.  
 
 
Figure 3-7 Loading of measured water-soluble elements into various PMF resolved 
factors for all Atlanta sites (a) and factor time series of source contributions resolved 
from the Jefferson Street Site (JST, urban Atlanta) (b).   
 
The factor with high loadings for Ti, Fe, Cu, Zn, and Ba is identified as a brake/tire wear 
source as it includes products from brake pads or linings, such as Cu (Adachi and Tainosho, 
2004; Sternbeck et al., 2002; Garg et al., 2000), Fe (Adachi and Tainosho, 2004; Garg et 
al., 2000; Hopke et al., 1980), Ti (Adachi and Tainosho, 2004), and Zn (Adachi and 
Tainosho, 2004; Sternbeck et al., 2002), and tracers of tire wear, e.g. Zn (Harrison et al., 
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2012). A biomass burning factor is identified by high concentrations of K, Br, As, and Pb. 
While K is a typical component in biomass burning aerosols, Br (Turn et al., 1997) and Pb 
(Richard et al., 2011) have also been found in wood combustion. The time series plot 
[Figure 3-7(b)] showed a higher contribution of this factor in winter than in summer 
(winteravg/summeravg ≈ 1.35), consistent with the observed winter enhancement of biomass 
burning emissions in Atlanta (Zhang et al., 2010). Some water-soluble metals (e.g., Se, Fe, 
Br, Pb, As, Mn, Ba, and Zn) were apportioned to the biomass burning factor (see Figure 
3-8& Figure 3-11). The total form of some of these metals (Fe, Mn, Zn, and Cu) (Chang-
Graham et al., 2011) and water-soluble Fe have been seen in biomass burning in other 
studies (Oakes et al., 2012; Chang-Graham et al., 2011). The third factor, referred to as 
secondary formation, is characterized by high S, WSOC, and Se, and some Fe, with higher 
contributions in summer than winter (summeravg/winteravg ≈ 2.37). For the last source, a 
mineral dust origin is suggested by high loadings of Ca, Mn, and Sr, all indicators of crustal 
material. The results have implications for health studies.  
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Figure 3-8 Factor contributions for water-soluble Cu, Zn, Mn, and Fe in PM2.5 based 
on the PMF analyses. 
 
3.4.2.4 Redox-active transition metals: Cu, Fe, and Mn  
A number of studies have linked water-soluble redox-active Cu, Fe, and Mn to reactive 
oxygen species (Cheung et al., 2012; Kam et al., 2011; Shen and Anastasio, 2011; Cheung 
et al., 2010; Akhtar et al., 2010; Landreman et al., 2008; Zhang et al., 2008; Kodavanti et 
al., 2005). After S, K, and Ca, these metals (i.e., water-soluble Cu, Fe, and Mn) generally 
have higher ambient concentrations than other measured elements (Figure 3-5). In addition, 
Cu and Mn are thought to make major contributions to particle-catalyzed ROS generation 
[e.g., DTT (dithiothreitol) assay (Charrier and Anastasio, 2012)]. Exploring the sources of 
the water-soluble fractions of these metals is pertinent to our health studies.  
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As shown in Figure 3-8, tire/brake wear is the dominant source for Cu (51%). It is also 
strongly correlated with Ba (r = 0.70-0.84, Table 3-4) at the road-side site (RS), and Ba is 
a good indicator for a brake lining source (Gietl et al., 2010; Torre et al., 2002). The other 
important contributor to Cu is secondary formation (39%). 
Although Zn is not redox-active, we include it here in the discussion since it was also 
significantly loaded in the tire/brake wear factor (45%) and has been linked to adverse 
health effects (Akhtar et al., 2010; Kodavanti et al., 2005). PMF analyses suggest that Zn 
has additional sources, with 26% associated with the mineral dust factor, 14% with the 
biomass burning, and 13% with secondary formation. Zn is also correlated with other 
water-soluble metals, to various degrees (Fe, Pb, Mn, Sr, K, Ca, Ti, and Cu with r ranging 
from 0.70 to 0.89, Table 3-4).  
Overall, the results (Figure 3-8) show that brake/tire wear is an important traffic source for 
Cu (51%), Fe (32%), Mn (17%), and Zn (45%). Studies have specifically linked these 
metals from brake wear, or traffic sources in general, to pro-inflammatory responses (e.g., 
(Gasser et al., 2009) and observed adverse health responses (e.g., (Riediker et al., 2004)). 
Combined with engine combustion emissions, which includes many organic components 
(e.g., quinones, etc.), the large fraction of water-soluble Cu, along with contributions from 
Fe and Mn from brake/tire wear, make mobile source emissions important ROS sources 
(Bates et al., 2015). In contrast, these redox active metals are not found at significant levels 
in the biomass burning factor (Figure 3-7), which has been found to be a contributor to the 
PM2.5 DTT activity in the SCAPE study (Verma et al., 2014; Verma et al., 2015a), 
indicating that redox active organic species dominate in that case. 
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The major identified source for Mn is mineral dust (45%) with other sources making 
relatively similar contributions: secondary formation (18%), biomass burning (16%), and 
brake/tire wear (17%). At YRK, the rural site least affected by traffic, Mn correlates best 
with Ca (r = 0.91) and Sr (r = 0.82, Table 3-4) in summer and K (r = 0.86), Ca (r = 0.86), 
Zn (r = 0.89), and Sr (r = 0.79) in winter, all indicative of regional mineral dust 
contributions, consistent with the regional characteristic of Mn discussed in section 3.4.2.2.  
For Fe, besides the brake/tire factor, a large fraction (47%) is apportioned to the secondary 
formation factor, and Fe correlates well with S at JST (r = 0.71), YRK (r = 0.76), and GT 
(r = 0.73) in summer, and at JST (r = 0.76) in fall 2012 and RS (r = 0.74) in fall 2013. Fe 
and S are moderately correlated at RS in fall 2012 (r = 0.62), and GT (r = 0.55) in fall 2013. 
Highest correlations occur when secondary atmospheric processing (oxidation) is strong. 
These results are consistent with a previous study involving single particle chemical 
analysis on PM2.5 particles in Atlanta, which showed that sulfate is an important proxy for 
Fe solubility (Oakes et al., 2012) by affecting aerosol pH, or as an indicator of iron sulfates, 
which are soluble and possibly formed at some point earlier in the particles lifespan under 
acidic conditions. Metal mobilization by formation of an aqueous particle with secondary 
acids may also explain the important contribution of secondary formation (39%) to Cu in 
the Southeastern US, although the correlations between Cu and S were weaker compared 
to those between Fe and S (Cu - S r=0.51, 0.09, and 0.66 at JST, YRK, and GT in summer, 
respectively, Table 3-4). The correlation between S and water-soluble Fe and Cu might 
explain past associations found in other studies between sulfate/sulfur oxide and health 
endpoints (Atkinson et al., 2010; Sarnat et al., 2008; Pope et al., 2002; Gwynn et al., 2000; 
Dockery et al., 1996; Raizenne et al., 1996a).  
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PM2.5 mass is regulated and has been associated with adverse health endpoints in many 
studies (Laden et al., 2000; Pope et al., 2002; Pope et al., 2004; Metzger et al., 2004; Sarnat 
et al., 2008). Overall, water-soluble iron was highly correlated with PM2.5 mass (r = 0.73-
0.80, Table 3-5), due to a correlation with sulfate (e.g., the role of sulfate on aerosol pH). 
Interestingly, Fe was correlated with PM2.5 mass even in some cases when S did not co-
vary with PM2.5 concentration. These cases are all in winter when the r values between 
PM2.5 mass and S were 0.52, 0.35, 0.26, and 0.23, while those with Fe were 0.80, 0.75, 
0.76, and 0.74 at JST (Dec), JST (March), GT (March), and RS (Feb), respectively. The 
exceptions were the two rural sites (YRK and CTR), where water-soluble Fe was 
moderately or not correlated with PM2.5 at all (r = 0.69 at YRK r = 0.3 at CTR) while S and 
PM2.5 still had high correlations (r = 0.78 and 0.75 at YRK and CTR respectively).  
Mn and Zn show some correlations with PM2.5 mass as well, but only during two periods 
(for Mn, r = 0.84 at GT and 0.76 at RS, both in winter, for Zn, r = 0.71 and 0.76 at JST in 
December and March, respectively). No significant correlations were ever found between 
PM2.5 and Cu. It has been demonstrated that water-soluble metals (Zn, Cu, and Fe) can 
have adverse effects on the respiratory system and our observations suggest that some 
water-soluble metals, especially Fe, are correlated with PM2.5 mass. However, some 
epidemiological studies point to organic carbon (Peel et al., 2005; Metzger et al., 2004) 
and PM2.5 mass (Sarnat et al., 2008; Pope et al., 2004; Metzger et al., 2004; Pope et al., 
2002; Laden et al., 2000) but not metals. Li et al. (2009) suggest that redox-active organic 
chemicals could play major roles in PM toxicity and metals may synergize with organic 
PM components to further escalate oxidative stress. Thus, these water-soluble metals could 
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play both dominant and important secondary roles in driving observed associations 
between fine particles and adverse health.  
3.5 Conclusions 
Over 500 PM2.5 filter samples (23hr integration time) were collected during 2012-2013 at 
multiple sites (three urban, two rural, one near-road, and one road-side site) in the 
Southeastern United States, using paired (simultaneous measurements at two different 
sites) high-volume samplers, as part of the Southeastern Center for Air Pollution & 
Epidemiology (SCAPE) project. A focus of SCAPE was assessing the role of PM2.5 
associated reactive oxygen species (ROS) on health effects. Because water-soluble metals 
have been linked to ROS, a method was developed to measure the water-soluble elements 
(S, K, Ca, Ti, Mn, Fe, Cu, Zn, As, Se, Br, Sr, Ba, and Pb) on filters that were also analyzed 
for aerosol ROS activity by various assays (i.e., DTT and AA assays, discussed in other 
publications). Water-soluble elements were determined by extracting filters in deionized 
water, re-aerosolizing the extracts and directing to an instrument designed for online 
measurements of aerosol elemental composition by non-destructive X-ray fluorescence. 
The system response was calibrated with standard solutions of multiple elements, which 
were also used as positive controls when running ambient samples to ensure stability and 
reproducibility (coefficient of variation < 10%). The method LOD (limit of detection) for 
each element was reasonably low (< 25% of typical sample levels), and the overall 
uncertainties were less than 20% for most elements, except for Cu, Sr, and Ti, with overall 
relative uncertainties of 25%, 25%, and 28%, respectively. The method was further 
validated by comparing with sulfate measured by ion chromatography on the same ambient 
filter samples. 
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Water-soluble elements spanned a wide range of concentrations, from LODs (typically 0.1-
30 ng/m3) to 1.2 µg/m3, with S as the most abundant element, followed by Ca, K, Fe, Cu, 
Zn, and Ba. Positive Matrix Factorization (PMF) was used for source apportionment 
analyses. Four factors were identified; brake/tire wear, characterized by Ba, Zn, Cu, and 
Ti; biomass burning, characterized by K and Br; secondary formation, characterized by S, 
Se, Fe, and WSOC; and mineral dust, characterized by Ca, Mn, and Sr. Elements associated 
with secondary formation and mineral dust were higher during warm/dry seasons when 
aerosol re-suspension is favored (water-soluble Ca, Mn, and Sr) and secondary formation 
is high (water-soluble Fe and Cu). S and Se, products from coal combustion, were also at 
a higher concentration in summer compared to winter. K had only slightly higher 
concentrations in winter due to contributions from biomass burning (mainly winter) and 
mineral dust emissions (mainly summer). Other elements (Zn, Ba, Br, Pb, Ti, and As) did 
not exhibit seasonal trends. Spatially, S, K, Ca, Mn, and Se were generally homogeneously 
distributed, while Cu, Ba, Sr, and Ti were more heterogeneously distributed, with highest 
levels near roadways. The other two urban sites outside of Georgia were heavily impacted 
by industrial sources, contributing to the higher concentration of Zn, Mn, and Pb at 
Birmingham, AL (BHM), and Ca and Se at the East St. Louis, IL (ESL) site.  
The redox-active metals, Cu, Mn, and Fe have been linked to ROS and oxidative stress. 
Among the four PMF factors, brake/tire wear contributed most to the water-soluble form 
of these elements in this study, with 51% for Cu, 32% for Fe, and 17% for Mn, pointing to 
the importance of this source in contributing to fine particle ROS activity. Organic 
compounds from combustion also contribute to ROS activity, making overall vehicle 
emissions important sources of PM2.5 ROS.  
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Mn was associated mainly with mineral dust (45%). Water-soluble Zn, a redox-inactive 
metal, but often identified as toxic in health studies, and among the highest in concentration 
in this study, was associated with a mixture of factors (45% brake/tire wear, 26% mineral 
dust, 14% biomass burning, and 13% secondary formation).  
Roughly 50% of water-soluble Fe was associated with the secondary formation factor and 
was highly correlated with S (Pearson’s r = 0.71-0.76). There was also substantial loading 
of Cu (39%) in this factor. Our previous studies in the Southeast have linked water-soluble 
Fe (measured by a different technique) to sulfate, aerosol pH and soluble iron sulfates 
(Oakes et al., 2012). The association of Cu with this factor could also be due to increased 
solubility by sulfur-driven aerosol acidity. Of the four water-soluble metals (Cu, Mn, Fe, 
and Zn), only Fe was correlated with PM2.5 mass (r = 0.73-0.80), due to its association with 
S. We have previously reported that ROS (DTT assay) measured on these same filters was 
correlated with PM2.5 mass (Fang et al., 2015b). These results indicate that additional 
aerosol components, such as redox-active organic compounds (Verma et al., 2015a; Verma 
et al., 2014; Verma et al., 2012) also play a significant role in the ROS activity of aerosols 
in the Southeastern US, in addition to these water-soluble metals. 
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3.6 Supporting materials 
 
 Table 3-2 Sampling schedule of Hi-Vol filters collected from June 2012 to 
September 2013. 
Month Year Season Sampling site Trailer site 
June-July 2012 Summer JST YRK 





November 2012 - JST JST 





March 2013 Winter JST GT 
June-July 2013 Summer CTR BHM 





JST - Southeastern Aerosol Research and Characterization Study (SEARCH) Jefferson Street, 
GA; YRK - SEARCH Yorkville, GA; GT - Georgia Tech, GA; RS - Roadside (on Georgia Tech 
Campus); BHM - SEARCH Birmingham, AL; CTR - SEARCH Centerville, AL; ESL - East St. 




Table 3-3 Coefficient of divergence (COD) and Pearson’s r 
Paired sites JST/GT JST/YRK JST/RS GT/RS 
Seasons Summer Winter Summer Winter Fall Winter Fall 
COD/r COD r COD r COD r COD r COD r COD r COD r 
S 0.10 0.98 0.06 0.97 0.18 0.79 0.18 0.98 0.39 0.53 0.26 0.50 0.31 0.77 
K 0.15 0.63 0.07 0.95 0.18 0.69 0.29 0.68 0.18 0.69 0.28 0.51 0.16 0.79 
Ca 0.09 0.97 0.36 0.84 0.30 0.61 0.28 0.78 0.21 0.77 0.44 0.37 0.46 0.40 
Fe 0.22 0.90 0.30 0.82 0.46 0.53 0.54 0.42 0.40 0.25 0.29 0.52 0.34 0.53 
Zn 0.32 0.69 0.19 0.71 0.29 0.61 0.38 0.68 0.35 -0.19 0.36 0.15 0.39 0.03 
Cu 0.52 0.68 0.35 -0.06 0.41 0.05 0.61 0.21 0.45 -0.21 0.59 -0.13 0.34 0.02 
Ba 0.18 0.90 0.24 0.85 0.52 0.27 0.46 0.54 0.61 -0.43 0.53 0.31 0.55 0.36 
Mn 0.14 0.94 0.13 0.84 0.23 0.64 0.37 0.76 0.46 0.04 0.34 0.41 0.33 0.39 
Br 0.18 0.67 0.26 0.91 0.32 0.68 0.43 0.68 0.43 0.30 0.35 0.72 0.41 0.65 
Sr 0.13 0.89 0.30 0.86 0.46 0.50 0.52 0.34 0.51 -0.11 0.62 0.13 0.51 0.67 
Pb 0.28 0.78 0.16 0.85 0.24 0.62 0.34 0.68 0.49 0.53 0.40 0.07 0.40 0.42 
As 0.30 0.62 0.21 0.72 0.34 0.13 0.42 0.40 0.53 0.25 0.44 0.02 0.41 0.65 
Ti 0.38 0.48 0.36 0.51 0.43 0.54 0.46 0.38 0.57 -0.31 0.46 0.17 0.54 0.37 
Se 0.14 0.98 0.11 0.91 0.28 0.48 0.30 0.93 0.28 0.76 0.31 0.71 0.39 0.62 
WSOC 0.30 0.22 0.38 0.49 0.18 0.87 0.23 0.79 0.19 0.52 0.48 0.04 0.41 -0.14 
Note: COD≤0.2 and r≥0.7 are bolded in blue and red, respectively 
The CODs were calculated as follows: 









𝑖=1               (𝑆1), where cij and cik are the water-soluble elements (ng/m
3) measured at paired sites j and 
k, respectively, and N is the sample size. A COD close to 0 represents a homogenous distribution and near 1 indicates 
heterogeneity, opposite to correlation coefficients (r). Both are summarized in Table 3-3. 
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Table 3-5 Correlations (Pearson’s r) between PM2.5 and various water-soluble elements 
Sites Season (Month) S K Ca Ti Mn Fe Cu Zn As Se Br Sr Ba Pb 
JST 
Summer (June) 0.66 0.69 0.53 0.67 0.58 0.64 0.54 0.53 0.15 0.65 0.65 0.41 0.48 0.67 
Summer (Aug.) 0.82 0.28 0.05 0.45 0.51 0.80 0.66 0.58 0.32 0.62 0.71 0.39 0.42 0.62 
Fall (Sept.) 0.83 0.80 0.13 0.69 0.27 0.80 0.59 0.69 0.67 0.78 0.67 0.52 0.47 0.77 
Winter (Dec.) 0.52 0.64 0.23 0.46 0.41 0.80 0.54 0.71 0.57 0.73 0.69 0.17 0.39 0.65 
Winter (Feb.) 0.78 0.57 0.06 0.16 0.29 0.68 0.49 0.35 0.24 0.79 0.79 0.10 0.05 0.78 
Winter (March) 0.35 0.81 0.27 0.48 0.52 0.75 0.30 0.76 0.70 0.80 0.61 0.51 0.41 0.58 
YRK 
Summer (June) 0.89 0.61 0.66 0.57 0.50 0.73 0.07 0.53 0.15 0.70 0.83 0.66 0.41 0.70 
Winter (Dec.) 0.78 0.48 -0.01 0.07 0.37 0.69 0.56 0.46 0.33 0.82 0.57 -0.06 0.21 0.81 
GT 
Summer (Aug.) 0.86 0.61 0.33 0.48 0.38 0.79 0.60 0.56 0.59 0.80 0.78 0.38 0.56 0.28 
Winter (March) 0.26 0.89 0.11 0.47 0.84 0.76 0.64 0.61 0.76 0.81 0.80 0.31 0.66 0.30 
Fall 2013 (Sept.) 0.73 0.24 0.31 0.50 0.33 0.53 0.22 0.08 0.08 0.42 0.58 0.03 0.03 0.08 
RS 
Fall (Sept.) 0.54 0.65 0.18 0.56 0.45 0.55 0.46 0.57 0.19 0.54 0.79 0.50 0.60 0.53 
Winter (Feb.) 0.23 0.86 0.53 0.58 0.76 0.74 0.65 0.51 0.65 0.40 0.74 0.40 0.62 0.33 
Fall 2013 (Sept.) 0.65 0.19 0.54 0.18 0.51 0.65 -0.06 0.42 0.32 0.43 0.54 -0.06 0.23 0.11 
BHM Summer 2013 (June) 0.82 0.15 0.58 0.41 0.35 0.77 0.04 0.20 0.41 0.65 0.81 0.17 0.00 0.27 
CTR Summer 2013 (June) 0.75 0.57 0.63 0.37 0.55 0.30 -0.18 0.48 0.50 0.64 0.67 0.34 0.39 0.39 
ESL Summer 2013 (Aug.) 0.68 0.67 0.55 0.12 0.04 0.33 0.53 0.11 0.35 0.37 0.34 0.47 0.28 0.49 




Figure 3-9 Map of sampling sites including three urban site: Jefferson Street, GA 
(JST); Birmingham, AL (BHM); East St. Louis, IL, two rural sites: Yorkville, GA 






Figure 3-10 Results on selected elements concentration measured by DIONEX-
nebulizer-neutralizer-XRF from 6 duplicates from two filter extracts before (a) and 
after (b) inserting deionized water with 2% HNO3 between samples. It illustrates that 
inserting DI water with 2% HNO3 is an effect solution to eliminate carry-over issue 




Figure 3-11 Factor contributions for the various water-soluble elements in PM2.5 
based on the PMF analyses. 
 
Figure 3-12 Monthly average of ambient concentration of water-soluble organic 
carbon (WSOC) at the various sites.
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The ability of certain components of particulate matter to induce oxidative stress through 
the catalytic generation of reactive oxygen species (ROS) in vivo may be one mechanism 
accounting for observed linkages between ambient aerosols and adverse health outcomes. 
A variety of assays have been used to measure this so-called aerosol oxidative potential. 
We developed a semi-automated system to quantify the oxidative potential of filter aqueous 
extracts utilizing the dithiothreitol (DTT) assay and have recently developed a similar 
semi-automated system using the ascorbic acid (AA) assay. Approximately 500 PM2.5 filter 
samples collected in contrasting locations in the Southeastern US were analyzed for a host 
of aerosol species, along with AA and DTT activities. Here we present a detailed contrast 
in findings from these two assays. Water-soluble AA activity was higher in summer/fall 
than in winter, with highest levels near highly trafficked highways, whereas DTT activity 
was higher in winter compared to summer/fall and more spatially homogeneous. AA 
activity was nearly exclusively correlated with water-soluble Cu (r = 0.70-0.94 at most 
sites), whereas DTT activity was correlated with organic and metal species. Source 
apportionment models, Positive Matrix Factorization (PMF) and a Chemical Mass Balance 
Method with ensemble-averaged source impact profiles (CMB-E), suggest a strong 
contribution from secondary processes (e.g., organic aerosol oxidation or metal 
mobilization by formation of an aqueous particle with secondary acids) and traffic 
emissions to both AA and DTT activities in urban Atlanta. Biomass burning was a large 
source for DTT activity, but insignificant for AA. AA activity was not correlated with 
PM2.5 mass, while DTT activity covaried strongly with mass (r = 0.49-0.86 across 
sites/seasons). Various linear models were developed to estimate AA and DTT activities 
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for the central Atlanta Jefferson Street site, based on the CMB-E sources. The models were 
then used to estimate daily oxidative potential at this site over the 1998-2009 period. Time-
series epidemiological analyses were conducted to assess daily emergency department 
(ED) visits data for the five-county Atlanta metropolitan area based on the estimated 10-
year backcast oxidative potential. Results suggest that estimated AA activity was not 
statistically associated with any tested health outcomes, while DTT activity was associated 
with ED visits for both asthma/wheeze and congestive heart failure. The findings point to 
the importance of both organic components and transition metals from biomass burning 
and mobile sources to adverse health outcomes in this region.  
4.2 Introduction 
Studies have linked exposure to fine particulate matter (PM2.5) with increased respiratory 
(Harkema et al., 2004; Aust et al., 2002; Schaumann et al., 2004) and cardiovascular (Pope 
et al., 2004; Samet et al., 2000) diseases. PM2.5 consists of a wide range of chemical 
components of potentially varying toxicity, implying that PM2.5 is not an ideal air quality 
metric for assessing health impacts. For example, components such as ammonium, sulfate, 
nitrate, chloride, and some chemical fraction of mineral dust, may be more benign than 
transition metals (Gasser et al., 2009; Kodavanti et al., 2005; Akhtar et al., 2010), black 
carbon (or elemental carbon and associated species) (Kleinman et al., 2007; Brunekreef et 
al., 1997), polycyclic aromatic hydrocarbons (PAHs) (Lundstedt et al., 2007; Burchiel et 
al., 2005), and other specific organics species (Nel et al., 2001). Although a small mass 
fraction of PM2.5, these components could play a disproportionally large role in the overall 
adverse health effects of PM2.5. A comprehensive set of mechanisms explaining the 
observed linkage between PM2.5 mass and adverse health effects has not been established, 
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but it has been hypothesized that one possible contributing physiological route is a 
particle’s ability to induce oxidative stress via catalytic generation of reactive oxygen 
species (ROS) in vivo. A number of studies have associated particle oxidative capacity with 
PM toxicity (Donaldson et al., 2005; Nel, 2005; Shi et al., 2003; Zielinski et al., 1999), but 
without available large databases of ambient aerosol ROS, large population-based 
epidemiologic studies of PM2.5 oxidative potential have not been possible.  
A number of different assays have been developed to quantify the oxidative potential of 
PM samples (Zomer et al., 2011; Mudway et al., 2011; Ayres et al., 2008; Jung et al., 2006; 
Cho et al., 2005; Mudway et al., 2005; Venkatachari et al., 2005). Two commonly used 
approaches are the dithiothreitol (DTT) assay (Cho et al., 2005) and the ascorbic acid (AA) 
assay (Ayres et al., 2008; Mudway et al., 2005). It may be expected that these two different 
assays respond to different aerosol components and are linked to different health endpoints. 
The AA assay has been shown to be most sensitive to transition metals (Janssen et al., 
2014; Strak et al., 2012; DiStefano et al., 2009; Künzli et al., 2006) but quinone compounds 
may react with AA as well (Roginsky et al., 1999). For the DTT assay, identified DTT-
active PM components are organic species, including water-soluble organic carbon 
(WSOC) (Verma et al., 2009a; Cho et al., 2005), or of increasing specificity, HUmic-LIke 
Substances (HULIS) (Verma et al., 2012; Lin and Yu, 2011), and quinones (Chung et al., 
2006; Kumagai et al., 2002) (a component of HULIS). Other studies, however, have 
emphasized the role of transition metals, such as Cu and Mn (Vejerano et al., 2015; Charrier 
and Anastasio, 2012). Some differences between studies may arise due to differing source 
characteristics of the specific regions studied. 
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Both assays involve incubating the anti-oxidant (DTT or AA) with filter aqueous extracts 
of PM2.5 at a controlled temperature (37 °C) and pH (7.4), and measuring the depletion of 
the antioxidant over time, typically detected as a decrease in light absorption at a certain 
wavelength (412 and 265 nm for DTT and AA, respectively). The antioxidant loss rate is 
interpreted as a measure of the ability of aerosol redox-active species to catalytically 
transfer electrons from DTT or AA to oxygen (O2). DTT can be considered a chemical 
surrogate to cellular reductants, such as NADH or NADPH, which reduces O2 to 
superoxide anion (O2˙) and induces oxidative stress (Kumagai et al., 2002). Unlike DTT, 
AA is a physiological antioxidant in lung lining fluid, which prevents the oxidation of lipids 
and proteins (Valko et al., 2005). Asthmatic patients have markedly decreased the 
concentration of AA in lung lining fluid compared to healthy control subjects (Kelly et al., 
1999). Therefore, the in vitro oxidation of these two antioxidants by PM might represent 
the interaction of PM with biological antioxidants in vivo leading to the induction of 
oxidative stress and ultimately adverse health effects. 
Among the various available methods for measuring oxidative potential, these two assays 
are relatively straightforward and reproducible, allowing high-throughput routine 
measurements and the generation of large data sets for exploring links between aerosol 
components and health through epidemiology, or also as an initial screening step for 
identifying different redox components for more detailed cell or animal studies (Ayres et 
al., 2008). 
We recently developed a semi-automated system (Fang et al., 2015b) to measure DTT 
activity and here describe its adaption to the AA assay. Utilizing our automated analytical 
system, we measured the water-soluble oxidative potential of over 500 filter samples 
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collected as part of the Southeastern Center for Air Pollution & Epidemiology (SCAPE) 
study. Although insoluble components are important, since there is no current standard 
protocol for measuring the water-insoluble oxidative potential, we focus solely on the 
water-soluble AA and DTT activities. We evaluate and compare these two assays in order 
to identify specific aerosol components the AA assay is responsive to. We perform a source 
apportionment analysis and assess these results through observed AA activity seasonal and 
spatial variability. AA source profiles are used to generate a model that estimates AA 
activities, which is then used to backcast AA levels over the past 10 years for use in a time-
series epidemiological analysis in the Atlanta metropolitan area. Throughout, we compare 
the AA results to our previously published DTT findings (Bates et al., 2015, Fang et al., 
2015b, Verma et al., 2014) to provide a contrast between these two commonly utilized 
assays to assess aerosol water-soluble oxidative potential and possible associations with 





Sampling methods have been described in detail elsewhere (Fang et al., 2015b; Verma et 
al., 2014). In brief, PM2.5 (quartz filters, Pallflex® Tissuquartz™, 8 × 10 inches) was 
sampled at seven locations in the Southeastern US, with different source characteristics, 
using two sets of high-volume samplers (Hi-Vol) (Thermo Anderson, flow rate normally 
1.13 m3 min−1). Sampling in the metropolitan Atlanta area was carried out from June 2012 
through March 2013 (noon - 11 a.m., 23 hours) and involved paired-sites with one Hi-Vol 
sampler fixed at an urban background site (Jefferson Street, referred as JST) whilst the 
other sampler was deployed at three other sites on a monthly basis, and at least twice during 
different seasons. These three sites were: a rural site (Yorkville, YRK), a road-side site 
(RS, adjacent to the interstate highway I75/85), and a near-road site (GT, 840 m from the 
RS site). Following sampling in Atlanta, the two samplers were moved to Birmingham, AL 
(BHM, within a few kilometers of significant transportation and industrial sources) and 
Centerville, AL (CTR, surrounded by forests and a lightly traveled county road) for a 
month of sampling in June-July 2013, followed by one-month August sampling at East St. 
Louis, IL, an urban residential/light commercial area about 3 km east of the central business 
district of St. Louis, MO (Sauvain et al.). Finally, a GT-RS pair was conducted in 
September 2013. A table providing the sampling schedule and a map can be found in the 
supporting material (Table 4-1 & Figure 3-9). JST, YRK, BHM, and CTR are all part of 
the Southeastern Aerosol Research and Characterization Study (SEARCH) network sites 
(Hansen et al., 2003). Collected samples were immediately wrapped in prebaked aluminum 
foil and stored at −18°C until analyzed. DTT, water-soluble organic carbon, and brown 
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carbon analyses on the filters were conducted within a year of sample collection, water-
soluble elements were within a year and a half, and AA measurements were conducted 
within two years of sample collection. 
4.3.2 Oxidative potential measurement 
Filter extraction: One punch of the collected Hi-Vol filter (5.07 cm2) was extracted in 30 
mL of deionized (DI) water (> 18 MΩ cm−1) in a sterile polypropylene centrifuge tube 
(VWR International LLC, Suwanee, GA, USA) by sonication using an Ultrasonic Cleanser 
(VWR International LLC, West Chester, PA, USA) for half an hour. For those having 
activities close to blanks, 15 mL was used instead. Extracts were then filtered using PTFE 
0.45 µm syringe filters (FisherbrandTM) to remove insoluble material larger than 0.45 µm. 
Although OH may form during sonication (Miljevic et al., 2014), it appears to have little 
effect on our ROS measurement since we compared the water-soluble ROS activities from 
the same sample that had been extracted by shaking for 3 hours vs sonication and found no 
significant differences (average ratio and standard deviation is 1.08 ± 0.20, n = 7). 
AA determination: The method in this study was based on an ascorbate-only model 
(Mudway et al., 2005; Ayres et al., 2008) that is a simplified and alternative high 
throughput approach to a synthetic respiratory tract lining fluid model (RTLF) containing 
ascorbate, urate, and reduced glutathione (GSH) (Zielinski et al., 1999; Mudway et al., 
2004). The method protocol is shown in Figure 4-1 and system setup can be found in Figure 
4-6 in the supporting materials. The method involves two steps.  
 89 
 
Figure 4-1 Protocol schematics for conducting Ascorbic Acid assay 
 
The first step is an aerosol background measurement (Figure 4-1). In order to control for 
the contribution of absorbance of particles themselves at 265 nm wavelength, an AA-free 
control was measured and subtracted from the sample absorbance readings. 2.4 mL aerosol 
extracts and 0.3 mL 0.5 mM Kbuffer were loaded into a reaction vial (sterile polypropylene 
centrifuge tube, VWR International LLC, Suwanee, GA, USA) using a programmable 
syringe pump (A) with a 5 mL syringe (Kloehn, Inc., Las Vegas, NV, USA). Following 
mixing, 90 µL of the mixture was transferred to an intermediate vial using Pump B with a 
250 µL syringe and diluted to 3 mL. Pump A then withdrew the diluted mixture from the 
intermediate vial and pushed it through a Liquid Wave-guide Capillary Cell (LWCC-M-
100; World Precision Instruments, Inc., FL, USA) with an optical path length of 100 mm. 
The waveguide was coupled to an online spectrophotometer, which included a UV-VIS 
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light source (Ocean Optics DT-Mini-2, Ocean Optics, Inc., Dunedin, FL, USA), and a 
multi-wavelength light detector (USB4000 Miniature Fiber Optic Spectrometer, Ocean 
Optics, Inc., Dunedin, FL, USA). Aerosol background absorbance at 265 and 700 nm 
(baseline) were recorded at two-second intervals using data acquisition software 
(SpectraSuite). For the samples collected in this study, backgrounds due to the aerosol 
absorption at 265 nm were <10% of the sample absorbance readings. Prior to the second 
step, the system performed a self-cleaning by flushing the intermediate vial and the two 
syringes with DI water three times. 
The second step is the AA measurement (Figure 4-1). Following the aerosol background 
measurement, Pump A discarded a fraction of the sample-Kbuffer mixture and left only 
1.8 mL in the reaction vial. 0.2 mL 2 mM AA solution was then loaded to the reaction vial 
using Pump B. Both the reaction and intermediate vial were continuously shaken at 400 
rpm in a ThermoMixer (Eppendorf North America, Inc., Hauppauge, NY, USA), which 
also maintained the incubation temperature at 37 °C. At five different specified times (7, 
15, 24, 32, 40 minutes), a small aliquot (100 µL) was transferred to the intermediate vial, 
diluted to 3 mL, and pushed through the LWCC, generating a total of five data points 
quantifying the remaining AA concentration. The system then again performed a self-
cleaning before analyzing the next sample. A multi-position valve (14-port, VICI® Valco 
Instrument Co. Inc., USA) was used to select samples for analysis. To ensure the 
suspension of PM in the extract, each sample was mixed by pushing 5mL of air through 
the extract before loading to the reaction vial.  
Final AA activity is calculated as follows: 
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𝝈𝑨𝑨 =  −𝝈𝑨𝒃𝒔 ×
𝑵𝟎
𝑨𝒃𝒔𝟎
             (Equation 5), 





                    (Equation 6). 
Following the notation above, σAbs is the slope of absorbance versus time, where the 
absorbance is the absorbance of each time interval subtracting the corresponding aerosol 
background absorbance; Abs0 is the initial absorbance calculated from the intercept of 
linear regression of absorbance versus time; N0 is the initial moles of AA added in the 
reaction vial (400 nmol); σAAs (σAAb) is the rate of AA consumption for a sample (blank); 
Ve and Va are the extraction volume (30 or 15 mL) and sample volume added to the reaction 
(1.6 mL), respectively. Vp is the ambient air volume (m
3) represented by the sample in the 
extraction volume. AAv represents volume normalized AA activity, in units of nmol min-
1 m-3. Similarly, here DTTv represents the volume normalized DTT activity. Note that AAv 
and DTTv, although with the same unit, cannot be compared in magnitude as their 
responses are different.  
4.3.3 Chemical analysis on PM filters 
4.3.3.1 Water-soluble organic carbon and brown carbon 
An automated system (details in Figure 4-7) was used to measure water-soluble organic 
carbon (WSOC) and brown carbon (BrC) on the water-soluble extracts from the same Hi-
Vol filters. Filter extracts (~6mL, same extraction protocol outlined above), after loading 
onto a 5 mL sample loop (Upchurch Scientific, Inc., Oak Harbor, WA), were first passed 
through a 1 m LWCC (LWCC-2100; World Precision Instruments, Inc., FL, USA), where 
absorbance at 365 nm wavelength (BrC) was measured using an online spectrophotometer 
(Ocean Optics, Inc., Dunedin, FL, USA). The extracts then entered a TOC analyzer 
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(Sievers Model 900, GE Analytical Instruments, Boulder, CO, USA) for determining 
WSOC concentration. 
4.3.3.2 Water-soluble elements 
A similar automated system was developed to determine the water-soluble elements, 
including S (Sulfur), Ca (Calcium), K (Potassium), Fe (Iron), Cu (Copper), Zn (Zinc), Ba 
(Barium), Pb (Lead), As (Arsenic), Sr (Strontium), Se (Selenium), Br (Bromine), Mn 
(Manganese), and Ti (Titanium). Details of the method are described in Fang et al. (2015a) 
and section 3.3.2. 
4.3.3.3 PM2.5 mass 
PM2.5 mass concentration was measured by a Tapered Element Oscillating Microbalance 
(TEOM) by Atmospheric Research Analysis (ARA, Inc.) at SEARCH sites (JST, YRK, 
BHM, and CTR) and ESL. For the RS and GT sites, since PM2.5 mass were not available, 
the PM mass concentrations were estimated from the sum of chemical components 
analyzed on the same Hi-Vol filters (Verma et al., 2014; Fang et al., 2015b) (Details in the 
section 2.3.4). 
4.3.4 Source apportionment 
Source apportionment of AAv was performed using a Positive Matrix Factorization (PMF) 
model (EPA PMF 5.0 software) (Paatero and Tapper, 1994) and a Chemical Mass Balance 
model (version 8.2) with ensemble-averaged source impact profiles (CMB-
E)(Balachandran et al., 2012). PMF is a commonly used source apportionment approach 
that does not require source profiles as CMB-E, whereas CMB-E has better performance 
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and lower relative uncertainties as compared to the PMF method (Balachandran et al., 
2012). Source contributions to DTTv using PMF and CMB-E are discussed in our other 
publications (Verma et al., 2014). A PMF analysis on the water-soluble elements (S, K, 
Ca, Ti, Mn, Fe, Cu, Zn, As, Se, Br, Sr, Ba, and Pb) and WSOC from JST, GT, and RS sites 
has been reported in Fang et al.(Fang et al., 2015a). AAv was simply added to the data sets 
to generate the AAv results shown here. The PMF results on DTTv in our prior analyses 
were based on JST and GT sites. 
In PMF, the uncertainties for each species were determined by multiplying the 
concentration by overall uncertainties (%), which were obtained by propagating the 
uncertainties from filter sampling (assumed to be 5%), extraction (assumed to be 5%), 
blanks (1 σ of multiple blanks), calibration (1 σ of slope, for water-soluble elements), 
collocated measurements (for water-soluble elements and AA, Figure 4-8), and analytical 
uncertainties. The analytical uncertainties were obtained by analyzing the same 
sample/standards multiple times; for example, a composite of extracts from 11 samples for 
water-soluble elements (coefficient of variation, CV = 2-16 %); 9,10-phenanthrenequinone 
for AA (CV = 13%), and sucrose standard solutions for WSOC (CV = 10%). Missing data 
were replaced by species medians with 400% uncertainty, and values below LOD were 
assigned as half of LOD values with uncertainties of 5/6 the concentration(Polissar et al., 
1998). Uncertainty from collocated measurements was calculated as the relative 
uncertainty of the slope (1 σ/slope), which was based on an orthogonal regression.  
An ensemble-trained source apportionment approach (Balachandran et al., 2012) (CMB-
E) was also used to construct the source impacts on AAv based on PM2.5 species (sulfate, 
nitrate, ammonium, OC, EC, and total metals) and AAv measured during SCAPE sampling 
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periods (2012-2013). The source profiles cover a range of sources, including light-duty 
gasoline vehicles (LDGV), heavy-duty diesel vehicles (HDDV), ambient sulfate 
(AMSULF), ambient nitrate (AMNITR), ammonium bisulfate (AMBSLF), not otherwise 
apportioned organic carbon (OTHER_OC), dust, biomass burning (BURN), coal-fired 
power plants, cement, and cooking. An ensemble average was calculated for each source 
category using ten different runs developed from four individual source apportionment 
methods. Since the filters for the source impact profiles were collected from midnight to 
midnight, while the filters collected for AAv measurement were collected from noon to 11 
a.m. next day, the sources identified were linearly interpolated using a fixed ratio. For 
example, two consecutive filters (filter 1 and 2) collected from midnight to midnight, 
12/24*filter1 + 11/24*filter2 would be used to produce the estimated AAv to compared 
with actual measured data.  
4.3.5 Epidemiological assessment 
4.3.5.1 Backcast-estimates of AA activities 
To undertake a time-series epidemiological analysis with sufficient power, retrospective 
data sets of daily AAv levels from 1 August 1998 to 31 December 2009 at an Atlanta site 
representative of the urban airshed air quality are needed. Previous epidemiological studies 
by the study team, assessing Atlanta air quality and emergency department (ED) visits, 
have used data from the SEARCH JST site, the anchor site for our AAv measurements. To 
generate daily estimates of retrospective AAv at JST, first, a linear model was used to 
estimate the contribution of various sources to our observed AAv measured at JST. This 
was done through separate linear regressions for AAv with the ensemble-predicted sources 
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as independent variables. In previous work (Balachandran et al., 2012), a source times-
series from August 1998 to December 2009 was generated for JST using the same CMB-
E model with the same independent variables measured at JST. The AAv regression was 
then applied to this time series to construct a time series of estimated AAv for the 
epidemiology study time period, during which direct measurements of AAv were not 
available. In order to test the sensitivity of epidemiologic results to different backcast 
models, two other models are generated for AAv (discussed in section 3.2.1). Identical 
methods were applied to DTTv to obtain three different models for comparisons with those 
from AAv. 
4.3.5.2 Epidemiological analyses 
Epidemiological time-series analysis (Strickland et al., 2010; Winquist et al., 2015) was 
employed to assess associations of retrospective DTTv and AAv with health effects as 
reflected in ED visits. Relationships between ED visits data from Atlanta area hospitals 
and typical ambient air quality characteristics, as well as the impact of exposure 
misclassification and other factors, have been extensively studies (Strickland et al., 2010; 
Winquist et al., 2015; Metzger et al., 2004; Peel et al., 2005). For the present analysis, we 
apply these previously reported epidemiologic modeling approach to the backcast-
estimates of AAv and DTTv, in order to assess associations of these oxidative potential air 
quality descriptors with selected outcomes in the ED visits data collected from hospitals 
serving the five-county metropolitan Atlanta area during 1998-2009. The health outcomes 
investigated in the current analysis are daily visits for respiratory diseases, including 
pneumonia (n=145,610 total visits for study period), chronic obstructive pulmonary disease 
(n=49,251), and asthma/wheeze (n=263,665), and cardiovascular diseases, including 
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ischemic heart disease (n=73,477) and congestive heart failure (CHF) (n=70,587). The air 
quality was modeled as a three-day moving average (“lag 0-2”, the moving average of 
estimated pollutant level for that day, the previous day, and the day before). Poisson 
generalized linear regression was performed; to control for temporal trends and 
meteorological variables, models included cubic splines with monthly knots for time, 
linear, quadratic and cubic terms for mean daily dew point (lag 0-2), maximum daily 
temperature (lag 0), and minimum daily temperature (lag 1-2), indicators of hospital 
contribution time periods, season of year, day of week and holiday, and interaction terms 
between season and maximum temperature, and between season and day of week. These 
covariates were chosen based on prior studies (Strickland et al., 2010; Winquist et al., 
2015) which identified important confounders to the relationship between daily ambient 
pollution levels and ED visits. Risk ratios (the relative risks of ED visit associated with an 
increase of one interquartile range of the exposure metric) and 95% confidence intervals 
(CI) were used to describe the observed health associations. Risk ratios with confidence 
intervals above 1 are indicative of statistically significant positive associations. 
International classification of disease codes used to define the health outcomes can be 
found in the Appendix A.3. 
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4.4 Results and Discussion 
4.4.1 AAv for measurements during 2012-2013 and comparisons to DTTv 
4.4.1.1 Spatio-temporal distribution 
 
 
Figure 4-2 Monthly average (±SD) of PM2.5 oxidative potential based on the (a) AA 
and (b) DTT assays from the water-soluble extracts from filters collected at three 
urban (JST, BHM, and ESL), two rural (YRK and CTR), a near-road (GT), and a 
road-side (RS) site in the Southeastern United States. 
 
 
Monthly average water-soluble AAv at various sampling sites are given in Figure 4-2(a). 
AAv was heterogeneously distributed, indicated by the significant variability between 
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sites. Highest AAv was found at the roadside site (RS) and lowest at rural sites. For 
example, the ratio of average AAv at RS to its paired Atlanta urban JST site was 1.2 in fall 
and 1.6 in winter [(2.7 when including the four high data points in Figure 4-2(a)] and RS 
to near-road GT was 1.7 in fall 2013. AAv at the rural site was generally lower compared 
to the urban environments, the average YRK/JST ratio was 0.7 in summer and 0.4 in winter, 
respectively. An exception is that BHM (urban) and CTR (rural) had similar AAv (BHMavg 
= 0.75 ± 0.45 nmol min-1 m-3 and CTRavg = 0.78 ± 0.31 nmol min
-1 m-3). Comparing AAv 
in different cities, BHM and the other urban site, ESL (average AAv= 0.98 ± 0.63 nmol 
min-1 m-3), had lower AAv relative to the Atlanta urban sites (average of JST and GT in 
summer = 2.5 ± 1.0 nmol min-1 m-3). The higher AAv near traffic sources has also been 
found in other studies (Janssen et al., 2014; Strak et al., 2012; Janssen et al., 2015). In 
contrast, Figure 4-2(b) shows that DTTv was largely spatially uniform, differences between 
paired sites is much less than those for AAv. 
The seasonal distribution can be examined from the Atlanta sites, JST, GT, RS, and YRK. 
The AA activity was higher in summer/fall compared to winter; the ratio of summer or fall 
to winter was 1.8, 2.9, 1.0, and 3.1 (average ratio is 2.2 ± 0.9) for JST, YRK, RS, and GT, 
respectively. In contrast, JST DTTv had an opposite seasonal trend, with the highest level 
in December (winter), while there was no significant seasonal variation observed at YRK, 
GT and the RS site. These results indicate that there are differences in the sources for water-
soluble AAv and DTTv, with traffic emissions a more significant source for AAv. 
Correlation analysis with specific aerosol components provides further insights.  
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4.4.1.2 Correlations with chemical components 
To further identify the major sources for AAv and compare to DTTv , a correlation analysis 
was performed between the assays and the following selected chemical components; BrC 
(an indicator of incomplete combustion, i.e., biomass burning), WSOC and S (secondary 
processes), Ca (mineral dust), and selected transition metals (Cu, Fe, Mn, and Zn) that have 
been related to adverse health outcomes (Cheung et al., 2012; Kam et al., 2011; Shen and 
Anastasio, 2011; Cheung et al., 2010; Akhtar et al., 2010; Landreman et al., 2008; Zhang 
et al., 2008; Kodavanti et al., 2005). Correlation coefficients based on linear regressions 
between AAv or DTTv and chemical species (Pearson’s r) are shown graphically in Figure 
4-3. A detailed matrix showing the correlations at individual sites is given in Table 4-1. To 
simplify Figure 4-3, JST and GT were combined into one metric given their close proximity 
and high correlation (r>0.7) for many PM species, such as EC, WSOC, and water-soluble 
elements (Fang et al., 2015a). As shown in Figure 4-3, AAv was almost exclusively 
correlated with water-soluble Cu. The r value ranged from 0.70-0.94 for most sites/seasons 
except RS in fall 2012, JST/GT in winter, ESL in summer, and GT in fall 2013. High 
correlations between AAv and Cu are consistent with other studies (Janssen et al., 2014; 
Künzli et al., 2006), although the correlation coefficients (r) in our work (0.70-0.94) were 
higher (0.60-0.74 in other studies), possibly because we used water-soluble Cu and the 
other studies used elemental (total) concentrations. Strak et al (Strak et al., 2012) also report 
a higher r value between AAv and water-soluble Cu (r = 0.82) than that between AAv and 
total Cu (r = 0.76) from the same sample set. 
Compared to AAv, DTTv is more broadly correlated with aerosol species: high correlations 
were observed with S (r = 0.66-0.74) and WSOC (r = 0.71- 0.77) in summer, which 
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diminished in fall (r = 0.14-0.66 for S and r = 0.20-0.65 for WSOC) and was weaker in 
winter (r<0.4) for S. Instead, higher correlations were found with BrC (r = 0.78-0.88) and 
WSOC (r = 0.60-0.84) in winter. The decreasing correlation between DTTv and S going 
from summer to winter suggests the important role of secondary processing in summer 
(Verma et al., 2009a; McWhinney et al., 2013b) and the increasing contribution of biomass 
burning to winter DTTv; AAv did not show similar trends, i.e., AAv did not correlate with 
S (r = -0.12-0.60) and low r values were observed with K in winter (r = 0.07-0.19, one 
exception was JST in December r = 0.7), suggesting incomplete combustion (e.g., biomass 
burning) was not a significant source for AAv. Whereas AAv was nearly exclusively 
correlated with Cu, DTTv was correlated with various metals, including Ca, Mn, Fe, Cu, 
and Zn. In Figure 4-2, counting the number of sampling sites at which r values between 
AAv and various metals were larger than 0.65 (i.e. black solid bars), we observed eight 
times for Cu and once for Mn (r = 0.82). Whereas for DTTv (see the striped bars in Figure 
4-3), we found twice (r= 0.67 and 0.77) for Ca, 3 times for Mn (r = 0.65-0.75), 6 times for 
Fe (r = 0.68-0.90), once for Cu (r = 0.68), and 3 times for Zn (r = 0.70-0.82). There were, 
however, no apparent seasonal patterns for the correlations between these water-soluble 
metals and DTTv since they were related to mineral dust (68% of Ca, 45% of Mn, and 26% 
of Fe) and vehicle brake/tire wear emissions (51% of Cu, 45% of Zn, 32% of Fe, and 17% 
of Mn). 
The comparison of AAv and DTTv’s correlation with PM2.5 mass is noteworthy. DTTv was 
fairly well correlated with PM2.5 mass (r = 0.49-0.86, Figure 4-3), whereas AAv did not 
correlate as well (r = -0.17 to 0.59), as also found by Künzli et al. (Künzli et al., 2006) (r = 
0.34). PM2.5 mass has been linked with adverse health endpoints in many epidemiological 
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studies (Laden et al., 2000; Pope et al., 2002; Pope et al., 2004; Metzger et al., 2004; Sarnat 
et al., 2008), thus the lack of correlation of AAv with PM2.5 mass may be suggestive of an 
expected lack of linkage between AA-measured oxidative potential and health endpoints 
(tested in section 4.4.2). In summary, AA and DTT assays have differing associations with 
PM chemical species, further suggested by a lack of strong correlation between the two 
assays at all sites (r<0.55), similar to findings from other studies (r<0.65) (Janssen et al., 
2014; Yang et al., 2014; Janssen et al., 2015). A source apportionment analysis is 
performed to attempt to quantify contributions of various sources to PM2.5 AAv. 
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Figure 4-3 Correlation coefficient (Pearson’s r) of fine particle water-soluble AA or 
DTT activities with PM2.5 mass and selected chemical species at various sites in the 





4.4.1.3 Source apportionment 
Various source contributions to water-soluble AAv and DTTv resolved from PMF and 
CMB-E based on measured data during 2012-2013 are shown in Figure 4-4(a, b) and (c, 
d), respectively. For AAv, the detailed loadings of various species and time series of each 
PMF factor can be found in Figure 4-9.  
 
Figure 4-4 Contribution of various factors resolved by PMF (a, c), and ensemble (b, 
d), to the water-soluble AA (a, b) and DTT (c, d) activities measured during 2012-
2013. BURN – biomass burning; AMSULF – ammonium sulfate; HDDV – heavy-duty 
diesel vehicles; LDGV – light-duty gasoline vehicles; OTHER_OC – other organic 
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carbon which secondary organic aerosols from biogenic emissions, and possible 
additional contributions from other VOC sources. 
 
AA Sources: Comparing Figure 4-4 (a) and (b) shows that CMB-E and PMF gave 
consistent and complementary results for AAv sources. Consistent with the spatial 
distributions, CMB-E indicated that vehicles comprise almost half of the total source 
contributions to PM2.5 AAv with roughly equal contributions from light and heavy duty 
vehicles. PMF also found vehicle emissions as a major source, but, based on loadings of 
source tracers in the various factors, resolved the source as mechanical generation 
processes (44% from brake/tire wear). Both methods also found sources of AAv associated 
with secondary processes. CMB-E provides more details on this factor in that it separated 
out secondary organic and ambient sulfate sources. This is consistent with our source 
apportionment analyses on water-soluble metals (Fang et al., 2015a), which showed that 
Cu was mainly associated with secondary formation and brake/tire wear, consistent with 
AAv being highly correlated with Cu. The 19% other OC source in Figure 4-3(b) is related 
to un-apportioned OC, which includes secondary organic aerosols from biogenic 
emissions, and possible additional contributions from other VOC sources. At this point, 
the role it plays as a source of AAv is not clear. It should be noted that the residual for PMF 
was -10% and 14% for CMB-E, which means the PMF model over-predicted and CMB-E 
under-estimated AAv. The source apportionment analysis is consistent with the spatial 
distribution, which indicated vehicle emissions as a main source for AAv activity. 
AAv compared to DTTv Sources: Comparisons of the source apportionment results for 
water-soluble AAv using PMF and CMB-E to a similar analysis for DTTv is insightful. 
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PMF source apportionment analyses [Figure 4-4(a) and (c)] suggest a common contribution 
from traffic emissions and secondary processes to both water-soluble AAv and DTTv, but 
the contributions were stronger for AAv than DTTv. For example, 44% AAv was attributed 
to vehicles and 56% to secondary processes, compared to 16% and 31% for DTTv, 
respectively. Higher fractional contributions of these two sources for AAv is because 
unlike DTTv, biomass burning does not contribute to AAv (1%), whereas it makes a large 
contribution to the overall study DTTv (35%). CMB-E also found no contribution of 
biomass burning to AAv, but identified a fractional contribution from biomass burning 
[36% BURN in Figure 4-4(d)] to DTTv similar to PMF. CMB-E points to ammonium 
sulfate (AMSULF) as a source for both AAv and DTTv. Neither AA nor DTT assay 
responds to pure ammonium sulfate, meaning that ammonium sulfate is an indicator of 
some source or process. It may be a marker for atmospheric processed or aged aerosols. 
For example, both assays respond to water-soluble transition metals, and a significant 
fraction of these metals, when emitted, are not water-soluble [solubilities of Zn is ~50%, 
Cu and Mn 10-40%, Fe < 10% (Birmili et al., 2006; Espinosa et al., 2002)]. Mobilization 
by acidic aerosols can increase the soluble fraction, which requires a low aerosol pH and 
time, both can be linked to sulfate aerosol. For example, at pH < 2, 1-2% of mineral dust 
Fe is mobilized within 3-5 days (Meskhidze et al., 2003). Previous measurements in this 
study region have also shown water-soluble Fe associated with sulfate in individual 
particles (Oakes et al., 2012). 
It is worth noting that both assays appear to be linked to emissions from traffic, but the 
actual sources from traffic differ. AAv was almost exclusively associated with 
mechanically generated aerosols (i.e. brake/tire wear), whereas for water-soluble DTTv, 
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traffic emissions included both metals and organic aerosol species, i.e., from mechanically 
generated (brake/tire wear) and combustion (tailpipe emissions). Finally, correlations to 
specific aerosol species and source apportionment analysis can be confounded by co-
variability with other unmeasured components or processes, as demonstrated by the 
associations with ammonium sulfate, or nonlinear responses of these assays to specific 
components (Charrier et al., 2015). However, the major sources identified for both AAv 
and DTTv, and the contrasts between their sources, is consistent with the season trends and 
spatial distributions observed and discussed above for each assay, indicating that the source 
apportionment analysis is robust. 
4.4.2 AAv association with health endpoints and contrasts to DTTv 
4.4.2.1 Backcast-estimates of AAv using Source Impacts 
Although over roughly 1 year of AAv data were generated for the central JST site in 
Atlanta, longer data sets are generally needed for a time series epidemiological study. To 
generate these data, multiple linear regression was used to estimate AAv from the CMB-E 
identified sources (denoted here as AAv
e ). We follow the same approach as that used for 
DTTv (Bates et al., 2015). Water-soluble AAv (nmol min-1 m-3) measured between 2012 
and 2013 at JST were regressed against all CMB-E sources. Insignificant sources (p of F-
statistic of coefficient>0.05, Table 4-3) and the significant sources with negative 
coefficients were removed. The latter occurred for BURN (biomass burning) and AMNITR 
(ammonium nitrate), likely due to their opposite seasonal trends to the measured AAv. 
These two sources also did not contribute to AAv [see Figure 4-4(a)]. The final regression 




=0.079+0.19 LDGV+0.23 HDDV+0.063 AMSULF+0.075 OTHER_OC  
(Equation 7) 
For direct comparison with DTTv, we used the same criteria for including various sources 
in the DTTv regression model, with the result: 
DTTv
e
=0.067+0.11 LDGV+0.045 HDDV+0.02 AMSULF+0.069 BURN  (Equation 8) 
(Note, the DTTv
e regression is different from that in Bates et al., (2015) in that AMSULF 
(ammonium sulfate) was included in this model). 
AAv
e  and DTTv
eare the estimated ROS activities of PM2.5 (nmol min
-1 m-3), which are related 
to the following sources (µg m-3): light-duty gasoline vehicles (LDGV), heavy-duty diesel 
vehicles (HDDV), ammonium sulfate (AMSULF), biomass burning (BURN), and other 
organic carbon (OTHER_OC). The coefficients in the equations represent the intrinsic 
activities (nmol min-1 µg-1) of the sources, a measure of the strength of the source on a per 
PM2.5 mass basis for water-soluble AAv or DTTv. Interestingly, for both assays, the traffic 
sources (LDGV+HDDV) has the highest ROS intrinsic activity, while secondary sources 
or biomass burning have relatively lower ROS intrinsic activities. The high intrinsic 
activity in the traffic sources might be attributed to metals that have much higher intrinsic 
ROS activities (Charrier and Anastasio, 2012; Verma et al., 2015a). The much higher 
coefficients of LDGV and HDDV in the AAv
e  regression than those in DTTv
e highlight the 
larger role of metals from these sources contributing to the overall AAv
e . Although biomass 
burning has a lower DTT intrinsic activity compared to the other sources in the DTTv
e 
model, it was the largest contributor to DTTv
e due to the strength of this source over the 
measurement period (e.g., large magnitude of BURN). The regression positive intercepts 
indicate some unidentified source for AAv and DTTv. Insight on the ability of the models 
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to predict AAv
e  and DTTv
e is given by the correlation between the model and measurements 
(AAv
e  vs AAv and DTTv
e vs DTTv). The r values are 0.60 and 0.68 for AAv
e  and DTTv
e, 
respectively, indicating the models can only account for about 40% (r2 or 36 to 46%) of 
the observed variability. Regression coefficients, p-values, and r values are summarized in 
section 4.6 Table 4-3.  
To test the sensitivity of the epidemiological results to other predictive models, two other 
regressions were used to predict AAv and DTTv: 1) all sources included, 2) only significant 
sources with positive coefficients (above), but with AMSULF removed. The latter was 
done because sulfate has substantially decreased over the last decade due to emission 
reductions in the southeastern US (Hidy et al., 2014; Hand et al., 2012), which may have 
unknown effects on AAv
e  and DTTv
e. These models and various statistics are also 
summarized in Table S3. For both assays, the models with all sources included had highest 
correlations coefficients between model and observed activities (r ~ 0.7, or model explains 
~50% of the variability). 
4.4.2.2 Health associations from time-series epidemiological models 
Backcast AAv
e  and DTTv
e were next generated for the study period corresponding to the 
health (ED) data. The various regression models (including Equation.7 and 8) were used 
to generate daily retrospective estimates of AAv and DTTv at the JST site for the period 
of 1998-2009, based on existing source impacts generated in a previous study for the same 
site. AAv
e  and DTTv
e were run separately in epidemiological models of ED visits for selected 
outcomes (section 4.3.5.2). The risk ratios for AAv
e  and DTTv
e for asthma/wheeze and 
congestive heart failure are presented in Figure 4-5 (data given in Table 4-4). The other 
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health outcomes (chronic obstructive pulmonary disease, pneumonia, and ischemic heart 
disease) did not show significant associations with AAv
e  or DTTv




Figure 4-5 Associations between backcast-estimated AA and DTT activities based on 
estimated sources for the previous 10 years (1998-2009) and emergency department 
(ED) visits for asthma/wheeze and congestive heart failure (CHF) in the greater 
metropolitan Atlanta, GA, region. The estimated AA and DTT were based on linear 
regression models that include (a) only statistically significant (p of F-statistic of 
coefficient<0.05) sources with positive coefficients; (b) all sources; and (c) significant 
positive sources without AMSULF (ammonium sulfate). The models were generated 
from a multiple regression of the measured AA activities or DTT, on a per volume air 
bases, with all sources from CMB-E as independent variables. Risk ratios and 
associated 95% confidence intervals are presented for an increase of one interquartile 
range (IQR) increment of the exposure metric. A risk ratio with 95% confidence 
intervals (CI) for interquartile range above 1 indicates a statistically significant 
positive association. Risk ratio data and related statistics can be found in Table 4-4. 
 
 
For asthma/wheeze and congestive heart failure, although the risk ratios for an increase of 
an interquartile range for AAv
e  were above 1 [1.005 and 1.003 for Asthma/wheeze and CHF, 
respectively, Figure 4-5(a)], the 95 % confidence intervals crossed 1 (0.994-1.015 and 
0.986-1.020 for Asthma/wheeze and congestive heart failure, respectively), indicating a 
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non-statistically significant association between AAv
e  and the ED visits for these health 
outcomes. In contrast, both of the health outcomes showed statistically significant 
associations with the DTTv
e. The same results were found for estimates based on the two 
other regressions [Figure 4-5(b) and (c)], suggesting that the null relationship of AAv
e  and 
positive association of DTTv
e with these health outcomes are to some extent robust, despite 
the high uncertainties in oxidative potential from the back-cast models. A possible cause 
for the differences in AAv
e  and DTTv
e health associations, at least for this study region, is 
the more narrow selectivity of the AA assay to specific aerosol components (i.e., mostly 
sensitive to Cu). Thus, the AA assay may not capture the overall oxidative potential of all 
the various PM components as well as the DTT assay. 
PM-induced oxidative stress has been proposed to exacerbate asthma (Li et al., 2003a) and 
adverse cardiovascular responses (Donaldson et al., 2001). Linkages seen here between 
PM2.5 oxidative potential measured with the DTT assay and morbidity due to 
asthma/wheeze and congestive heart failure are consistent with these studies. Our results 
are also consistent with a recent study which found children’s respiratory health was more 
strongly associated with oxidative potential measured with the DTT assay than by electron 
spin resonance (ESR) (Yang et al., 2016); the ESR assay has been shown to be highly 
correlated with AA-measured oxidative potential (Janssen et al., 2014). However, their 
sample preparation method before oxidative potential measurements involves extracting 
the particles in pure methanol, evaporating the methanol, and reconstituting in DI water, 
whereas our work focuses only on the water-soluble fraction. The contrast between the 
DTT with the AA results suggest the importance of organic components and transition 
metals from biomass burning and vehicular emissions in the Southeastern US, and support 
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aerosol particle oxidative potential as a mechanism contributing to these PM-induced 
adverse health effects. Although this work shows a contrast between these two assays and 
association with health endpoints, Janssen et al. (2015) found significant associations 
between both assays and nasal and airway inflammation based on a small panel study 
(n=31). Finally, some studies have shown that ROS plays a key role in COPD (O'Donnell 
et al., 2006), IHF (Lakshmi et al., 2009; Giordano, 2005), and Pneumonia (Kuwano et al., 
2003), however, we did not observe a significantly positive association between our tested 
oxidative potential assays with these health outcomes.  
4.5 Conclusions 
Approximately 500 PM2.5 high-volume filter samples collected in the Southeastern US 
were analyzed for aerosol oxidative potential using the ascorbic acid (AA) assay. The AA 
activities reported are from the same filters for which water-soluble dithiothreitol (DTT) 
activities had already been determined. We found that water-soluble AA activity on a per 
air volume basis (AAv) was highest near roadways and lowest at rural sites. AAv was 
higher in summer/fall than winter. These results are in contrast to DTTv, which was more 
spatially uniform and had an opposite seasonal trend at the urban Atlanta site (higher in 
winter than summer/fall). AAv was most consistently correlated with water-soluble metals 
(especially water-soluble Cu), whereas DTTv was correlated with organic species and 
water-soluble metals (Fe, Cu, Zn, Mn, and Ca), and also PM2.5 mass. A source 
apportionment analysis indicated that traffic emissions and secondary processes were 
strong contributors to both AAv and DTTv in urban Atlanta. For AAv only road dust was 
responsible, in contrast to both combustion emissions and road dust contributing to the 
DTTv from this source. Biomass burning did not contribute to AAv, but was a substantial 
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source for DTTv, consistent with AAv being mainly associated with transition metals. 
These source apportionment results are also consistent with observed seasonal trends and 
spatial distributions for both assays. Time-series large population epidemiological analyses 
using backcast-estimates of AAv and DTTv from a number of linear models based on 10-
year historical source impacts suggest that AAv was not linked with any emergency 
department (ED) visits for all tested health outcomes at 95% confidence levels. DTTv was 
associated with ED visits for both asthma/wheeze and congestive heart failure, for all the 
linear models tested. Neither AAv nor DTTv was associated with chronic obstructive 
pulmonary disease (COPD), Ischemic heart failure (IHD) or pneumonia at a statistically 
significant level. Based on the wide-ranging comparisons between these assays, we 
conclude that, for the region investigated here, the DTT assay was a more comprehensive 
multi-pollutant indicator of PM2.5 oxidative potential than the AA assay. Finally, the ability 
to readily measure both PM2.5 AA and DTT activities with the automated systems outlined 
here enables large-scale studies involving direct measurements of PM oxidative potential. 
These types of future studies are needed to test if our health findings based on backcast-
estimated AA and DTT levels are robust and applicable to other regions. 
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4.6 Supporting materials 
Table 4-1 Sampling schedule of Hi-Vol filters collected from June 2012 to 
September 2013. 
 Month Year Season Anchor site Trailer site 
June-July 2012 Summer JST YRK 
July-August 2012 Summer JST GT 
September-October 2012 Fall JST RS 
November 2012 - JST JST 
December 2012 Winter JST YRK 
January-February 2013 Winter JST RS 
March 2013 Winter JST GT 
June-July 2013 Summer CTR BHM 
August 2013 Summer ESL - 
September-October 2013 Fall GT RS 
JST - Southeastern Aerosol Research and Characterization Study (SEARCH) Jefferson Street, 
GA; YRK - SEARCH Yorkville, GA; GT - Georgia Tech, GA; RS - Roadside (on Georgia Tech 
Campus); BHM - SEARCH Birmingham, AL; CTR - SEARCH Centerville, AL; ESL - East St. 
Louis, IL.  
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Table 4-2 Water-soluble AA and DTT activity correlations (Pearson’s r) with water-soluble species in PM2.5 
  Site-Month. Year BrC WSOC PM S  K Ca  Ti  Mn Fe Cu Zn As Se Br Sr Ba Pb DTT 
AA 
JST-June 2012 0.58 0.59 0.59 0.47 0.23 0.35 0.58 0.41 0.64 0.91 0.52 0.74 0.49 0.36 0.37 0.52 0.42 0.57 
JST-Aug. 2012 0.43 0.36 0.08 0.32 0.32 0.04 0.59 0.65 0.60 0.74 0.23 0.37 0.30 0.56 0.30 0.61 0.43 0.52 
JST-Sept. 2012 0.69 0.60 0.34 0.19 0.26 -0.20 0.48 0.26 0.58 0.82 0.54 0.71 0.23 0.21 0.16 0.34 0.47 0.45 
JST- Dec. 2012 0.42 0.65 0.56 -0.12 0.70 0.24 0.36 0.28 0.66 0.81 0.66 0.64 0.27 0.28 0.35 0.60 0.49 0.70 
JST-Feb. 2013 0.38 0.30 0.36 0.16 0.18 -0.21 -0.15 -0.06 0.14 0.29 -0.09 0.02 0.25 0.34 -0.15 -0.18 0.32 0.49 
JST-March 2013 -0.03 -0.03 -0.17 0.01 0.19 -0.08 -0.15 0.02 0.30 0.78 0.23 0.24 0.14 -0.30 -0.13 0.08 0.26 0.10 
GT-Aug. 2012 0.57 0.10 0.58 0.55 0.41 0.12 0.44 0.10 0.77 0.75 0.13 0.61 0.51 0.49 0.03 0.38 0.16 0.62 
GT-March 2013 0.43 0.47 0.40 0.05 0.37 0.06 0.05 0.37 0.36 0.63 0.36 0.03 0.40 0.31 -0.01 0.38 0.16 0.54 
GT-Sept 2013 0.18 0.08 0.27 0.10 0.32 0.27 0.38 0.37 0.35 0.52 0.18 0.17 0.07 0.33 0.10 0.45 0.07 0.39 
RS-Sept.2012 0.42 0.25 0.52 0.10 0.72 0.55 0.27 0.82 0.28 0.15 0.25 -0.29 0.17 0.28 0.71 0.49 -0.16 0.51 
RS-Feb.2013 0.22 0.13 -0.15 0.01 0.15 -0.07 0.17 -0.08 -0.05 0.94 0.14 -0.03 0.01 -0.04 0.12 0.14 -0.14 0.25 
RS-Sept 2013 0.26 0.18 0.08 0.37 0.58 0.43 0.52 0.54 0.56 0.74 0.50 0.33 0.21 0.67 0.06 0.62 0.40 0.13 
YRK-June.2012 0.18 0.06 0.05 -0.02 0.24 -0.22 -0.23 -0.31 0.00 0.70 0.11 0.02 0.06 0.27 -0.25 -0.24 0.17 0.14 
YRK-Dec.2012 0.38 0.12 0.58 0.60 0.07 -0.35 0.04 -0.10 0.29 0.84 0.09 0.27 0.39 0.10 -0.28 -0.04 0.54 0.49 
BHM-June 2013 0.32 0.47 0.32 0.11 0.46 0.42 0.15 0.43 0.16 0.80 0.24 -0.01 -0.04 0.09 0.19 0.08 -0.04 0.52 
CTR-June 2013 0.18 0.22 -0.12 0.09 0.12 -0.07 0.03 -0.29 0.14 0.75 0.47 0.27 0.15 0.19 -0.41 -0.24 0.38 0.10 
ESL-Aug 2013 0.32 0.27 0.15 0.08 0.17 -0.16 0.09 0.32 0.23 0.32 0.44 0.18 0.31 0.17 -0.14 0.00 0.20 0.43 
DTT 
JST-June 2012 0.77 0.91 0.85 0.74 0.71 0.59 0.66 0.63 0.62 0.53 0.58 0.36 0.69 0.72 0.50 0.49 0.61 1 
JST-Aug. 2012 0.66 0.62 0.80 0.77 0.48 0.06 0.68 0.77 0.90 0.79 0.59 0.42 0.74 0.79 0.36 0.65 0.71 1 
JST-Sept. 2012 0.73 0.65 0.80 0.14 0.30 -0.23 0.53 0.52 0.74 0.13 0.82 0.13 0.20 0.28 0.10 0.55 0.27 1 
JST- Dec. 2012 0.81 0.78 0.75 0.07 0.73 0.51 0.55 0.54 0.79 0.63 0.82 0.67 0.43 0.38 0.39 0.73 0.59 1 
JST-Feb. 2013 0.70 0.65 0.84 0.70 0.71 0.25 -0.02 0.33 0.70 0.37 0.30 0.19 0.66 0.77 0.16 0.13 0.75 1 
JST-March 2013 0.88 0.63 0.77 0.05 0.67 0.26 0.63 0.51 0.57 0.36 0.58 0.78 0.69 0.44 0.44 0.58 0.52 1 
GT-Aug. 2012 0.37 0.38 0.63 0.59 0.53 0.00 0.26 0.60 0.77 0.67 0.62 0.54 0.52 0.45 0.35 0.53 0.09 1 
GT-March 2013 0.83 0.49 0.88 0.34 0.78 0.11 0.23 0.71 0.84 0.83 0.70 0.61 0.74 0.61 0.33 0.63 0.36 1 
GT-Sept 2013 0.75 0.47 0.61 0.30 0.65 0.29 0.34 0.58 0.66 0.46 0.36 0.22 0.20 0.50 0.15 0.38 0.23 1 
RS-Sept.2012 0.59 0.51 0.86 0.50 0.52 0.12 0.51 0.27 0.44 0.61 0.55 -0.06 0.39 0.61 0.36 0.56 0.35 1 
RS-Feb.2013 0.86 0.71 0.79 -0.03 0.69 0.23 0.32 0.49 0.57 -0.11 0.60 0.63 0.33 0.57 0.20 0.34 0.34 1 
RS-Sept 2013 0.48 0.20 0.49 0.66 0.53 0.77 0.09 0.75 0.53 0.21 0.32 -0.13 0.41 0.64 0.16 0.29 -0.51 1 
YRK-June.2012 0.53 0.74 0.59 0.74 0.60 0.67 0.23 0.61 0.47 0.32 0.61 0.36 0.67 0.59 0.73 0.19 0.56 1 
YRK-Dec.2012 0.88 0.84 0.77 0.38 0.74 0.36 0.31 0.71 0.69 0.50 0.76 0.39 0.83 0.73 0.32 0.49 0.74 1 
BHM-June 2013 0.74 0.59 0.74 0.66 0.42 0.58 0.29 0.65 0.68 0.25 0.54 0.45 0.60 0.69 0.27 0.21 0.49 1 
CTR-June 2013 0.87 0.77 0.66 0.64 0.66 0.41 0.36 0.34 0.43 -0.25 0.60 0.47 0.62 0.62 0.03 0.12 0.61 1 
ESL-Aug 2013 0.16 0.38 0.57 0.47 0.48 0.27 0.17 0.44 0.40 0.68 0.35 0.52 0.41 0.51 0.25 0.44 0.36 1 
r>0.65 in red and bold; Data below LOD was replaced by half of LOD values. 
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Table 4-3 Water-soluble AA and DTT regressions with all CMB-E sources, with only significant (positive) sources, and 




Table 4-4 Risk ratios (95% confidence interval for interquartile range) and p-values for backcast-estimated AA and DTT 
activities (1998-2009) from the epidemiological analyses on asthma/wheeze, congestive heart failure (CHF), Chronic 
obstructive pulmonary disease (COPD), Ischemic heart disease (IHD), and Pneumonia 
  
Regressions 
Asthma/wheeze (AS_WHZ) Congestive heart failure (CHF)    
Lag 0-2 Lag 0-2   
AA 
All sources 0.999 (0.997-1.002) p=0.64 0.998 (0.994-1.002) p=0.29   
Significant positive sources 1.005 (0.994-1.015) p=0.38 1.003 (0.986-1.020) p=0.74   
Significant positive sources 
without AMSULF 
1.008 (0.999-1.017) p=0.07 1.005 (0.990-1.020) p=0.50 
  
DTT 
All sources 1.009 (1.000-1.018) p=0.04 1.014 (1.000-1.028) p=0.05   
Significant positive sources 1.009 (1.001-1.018) p=0.04 1.015 (1.000-1.029) p=0.04   
Significant positive sources 
without AMSULF 





pulmonary disease (COPD) 
Ischemic heart disease (IHD) Pneumonia 
Lag 0-2 Lag 0-2 Lag 0-2 
AA 
All sources 0.997 (0.992-1.002) p=0.25 0.996 (0.993-1.000) p=0.05 0.998 (0.995-1.001) p=0.18 
Significant positive sources 1.010 (0.992-1.028) p=0.29 0.991 (0.976-1.006) p=0.25 0.996 (0.985-1.006) p=0.38 
Significant positive sources 
without AMSULF 
0.996 (0.979-1.013) p=0.63 0.989 (0.975-1.003) p=0.11 0.992 (0.982-1.002) p=0.13 
DTT 
All sources 1.008 (0.991-1.025) p=0.35 0.989 (0.975-1.002) p=0.10 0.997 (0.987-1.006) p=0.50 
Significant positive sources 0.996 (0.976-1.016) p=0.67 0.983 (0.967-0.998) p=0.03 0.994 (0.982-1.006) p=0.29 
Significant positive sources 
without AMSULF 
1.007 (0.990-1.024) p=0.40 0.989 (0.976-1.002) p=0.11 0.997 (0.988-1.007) p=0.57 
The AA and DTT activities were estimated from three different linear regressions including all sources from CMB-E, 
statistically significant (p of F-statistic of coefficient<0.05) sources with positive coefficients, and significant positive sources 
without AMSULF (ammonium sulfate). 
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Figure 4-6 Semi-automated system setup for Ascorbic Acid activities determination 
 
Figure 4-7 Automated system that utilized an auto-sampler (AS40, DIONEX 
Corporation, Sunnyvale, CA, USA), a SelectPro two-position fluid processor valve 
(Alltech, Deerfield, IL, USA), and a peristaltic pump (Ismatec, Cole-Parmer 
Instrument Company, Vernon Hills, IL, USA) for measuring water-soluble organic 





Figure 4-8 Collocated measurements using two Hi-Vol samplers deployed at JST 
during November 2012 (Analysis was done by orthogonal regression.) 
 
 
Figure 4-9 Loading of various water-soluble species and AA activity into various 
factors resolved by PMF analyses for all Atlanta urban sites (JST, GT, and RS) (a) 
and factors’ time series (b) from the JST site. 
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CHAPTER 5. HIGHLY ACIDIC AMBIENT PARTICLES, 
SOLUBLE METALS AND OXIDATIVE POTENTIAL: A LINK 









































Soluble transition metals in particulate matter (PM) can generate reactive oxygen species 
in vivo by redox cycling, leading to oxidative stress and adverse health effects. Most metals, 
such as those from roadway traffic, are emitted in an insoluble form but must be soluble 
for redox cycling. Here we present the mechanism of metals dissolution by highly acidic 
sulfate aerosol and the effect on particle oxidative potential (OP) through analysis of size 
distributions. Size-segregated ambient PM was collected from a road-side and 
representative urban site in Atlanta, GA. Elemental and organic carbon, ions, total and 
water-soluble metals, and water-soluble OP were measured. Particle pH was determined 
with a thermodynamic model using measured ionic species. Sulfate was spatially uniform 
and found mainly in the fine mode, whereas total metals and mineral dust cations were 
highest at the road-side site and in the coarse mode, resulting in a fine mode pH<2 and near 
neutral coarse mode. Soluble metals and OP peaked at the intersection of these modes 
demonstrating that sulfate plays a key role in producing highly acidic fine aerosols capable 
of dissolving primary transition metal ions that contribute to aerosol OP. Sulfate-driven 
metals dissolution may account for sulfate-health associations reported in past studies.  
5.2 Introduction 
Although a substantial number of studies have supported the association between 
particulate matter (PM) and adverse health outcomes (Metzger et al., 2004; Pope et al., 
2004; Samet et al., 2000), many questions remain on the underlying drivers of PM toxicity. 
Oxidative stress, an in vivo state of disequilibrium due to an imbalance between antioxidant 
defense capacity and reactive oxygen species (ROS), has been suggested as a mechanistic 
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explanation for PM toxicity (Nel, 2005; Xia et al., 2006; Valavanidis et al., 2008). 
Oxidative potential (OP), referred to as the ability of particles to generate ROS by 
consumption of antioxidants and/or generation of oxidants, has been used as a health-based 
exposure measure of PM in several recent studies (Bates et al., 2015; Yang et al., 2016; 
Akhtar et al., 2010; Ayres et al., 2008; Weichenthal et al., 2016b). Methods to measure OP 
include cellular (Xia et al., 2006; Kubátová et al., 2006) and acellular assays (Mudway et 
al., 2011; Jung et al., 2006; Cho et al., 2005; Venkatachari et al., 2005; Frampton et al., 
1999). Cellular assays involve culturing and exposing cells, whereas acellular assays 
generally involve more straightforward chemical analysis making them easier to perform 
and automate. The ascorbic acid (AA) (OP
AA
) and dithiothreitol (DTT) (OP
DTT
) assays are 
two commonly used acellular measures of aerosol OP. AA is a physiological antioxidant 
present in the lung and DTT is used as a chemical surrogate of antioxidants, such as 
glutathione and NADPH. Both assays measure the depletion of AA or DTT through 
oxidation under biological relevant temperature of 37 °C and pH of 7.4, mimicking the 
interaction between PM and cellular antioxidants in vivo, providing an index of PM’s 
ability to generate ROS. OP
DTT
 has been widely used. It has been linked to airway 
inflammation markers (Delfino et al., 2013), cellular oxidative stress markers (Li et al., 
2003b), cellular cytotoxicity (Steenhof et al., 2011; Velali et al., 2016), and more recently, 
cardiorespiratory health endpoints in epidemiological studies (Bates et al., 2015; Yang et 
al., 2016). These results support the use of OP as a highly health relevant air quality 
parameter.  
To mitigate adverse health effects, ambient particle OP sources, and atmospheric 
transformations that alter OP, need to be known. A number of aerosol components have 
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been found to correlate with aerosol OP
DTT
. These include bulk water-soluble organic 
carbon (WSOC) (Saffari et al., 2014a; Verma et al., 2014; Fang et al., 2016), humic-like 
substances (HULIS) (Dou et al., 2015; Lin and Yu, 2011) and highly oxygenated organic 
aerosols (Verma et al., 2015a), and more specific aerosol components, such as polycyclic 
aromatic hydrocarbons (PAHs) (Cheung et al., 2010; Ntziachristos et al., 2007; Saffari et 
al., 2014a), quinones (Sauvain et al., 2015; Kumagai et al., 2002), and water-soluble 
transition metals (e.g., manganese (Mn) and copper (Cu) (Charrier and Anastasio, 2012; 
Verma et al., 2014; Sauvain et al., 2015; Saffari et al., 2014a; Fang et al., 2016)). Source 
apportionment points to incomplete combustion from biomass and fossil fuels (gas and 
diesel engines), and sources associated with transition metals, such as mineral dust and 
resuspended road dust from tire or brake wear (Fang et al., 2016; Verma et al., 2014). In 
contrast to OP
DTT
, correlations suggest that transition metals (i.e., Cu) are the main aerosol 
component contributing to OP
AA
, with road-traffic a major source (Mudway et al., 2004; 




 source apportionment found a 
significant contribution from sources associated with sulfate. Since the AA and DTT assays 
do not respond to pure sulfate, these associations suggest that secondary processing related 
to sulfate sources is driving the correlations. 
Mechanistic studies have linked increased OP to secondary atmospheric reactions. For 
example, although correlated with OPDTT, PAHs are not DTT active, but PAHs can be 
oxidized to redox-active quinones or nitro-PAHs (Cho et al., 2005). Highly oxygenated 
aromatic compounds, such as hydroxyquinones, make significant contributions to OP
DTT
 
(Verma et al., 2015b), consistent with OP
DTT
 correlations to WSOC and highly oxygenated 
OA. Aged diesel exhaust PM showed higher OP
DTT




increased with time (Li et al., 2009). Secondary processing also applies to 





sources include industry (Quiterio et al., 2004), vehicles (Lough et al., 2005; Manoli et al., 
2002), mineral dust (Manoli et al., 2002), and ship engine emissions(Moldanová et al., 
2009; Oeder et al., 2015) which are emitted mainly in an insoluble form. Ambient aerosol 
water-soluble fractions of Cu and Mn range between 10 to 40 %, and less than 10 % for 
iron (Fe), even after atmospheric processing (Birmili et al., 2006; Espinosa et al., 2002), 
suggesting that concentrations of water-soluble forms are limited by the atmospheric 
conversion process. Thus, to contribute to OP, primary insoluble metals must undergo 
some form of atmospheric processing to become soluble, a state that could be arrived at by 
acidification (Nenes et al., 2011; Shi et al., 2011; Meskhidze et al., 2003) or complexation 
with an organic ligand (Paris and Desboeufs, 2013; Xu and Gao, 2008). Soluble metals, 
such as Fe and Cu participate in redox cycling reactions, which may lead to enhanced lipid 
peroxidation, DNA damage, and altered calcium and sulfhydryl homeostasis (Valko et al., 
2005; Stohs and Bagchi, 1995; Valavanidis et al., 2005). Common mechanisms involve the 
Fenton reaction that catalytically converts hydrogen peroxide to the more toxic hydroxyl 
radicals (Liochev and Fridovich, 2002; Valavanidis et al., 2000). Epidemiological studies 
have found associations of water-soluble transition metals with health endpoints, such as 
reductions in birth weight (Darrow et al., 2011) and preterm birth (Darrow et al., 2009).  
Sulfate, as a main component of PM2.5, has shown a strong association with mortality in 
many studies (Dockery et al., 1993; Pope et al., 1995; Sarnat et al., 2008; Feng et al., 2000; 
Maynard et al., 2007). Sulfate contributes to aerosol acidity (Waldman et al., 1990) and 
there is a historical record of associations between so-called particle “strong acidity” 
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(Spengler et al., 1989; Koutrakis et al., 1992; Koutrakis et al., 1988; Appel et al., 1980) 
and adverse health effects (Dockery et al., 1996; Thurston et al., 1994; Gwynn et al., 2000; 
Raizenne et al., 1996b; Spengler et al., 1996; Thurston et al., 1991). Since fine particle OP 
has been linked to aerosol toxicity, and water-soluble transition metals and sulfate sources 
correlated with OP, it may be that sulfate linkages to health are largely through its role in 
acid dissolution of primary metals commonly found in ambient particles. Here we 
investigate metals dissolution and its effect on OP by measuring the size distributions of 
aerosol chemical species to predict particle pH and compare to water-soluble and total 
metals, and measures of OP. 
5.3 Methods 
5.3.1 Sample collection 
Size-fractionated aerosol samples were collected at a road-side and urban site in Atlanta, 
GA using two Micro-Orifice Uniform Deposit Impactors (MOUDI, MSP Corp., 
Shoreview, MN, USA). The road-side site (RS) was adjacent (within 5 meters) to the 
interstate I75/85 highway that passes through downtown Atlanta and is highly utilized by 
light duty vehicles due to heavy duty vehicle (trucks with six wheels or more) restrictions. 
The 75/85 interstate-connector in Atlanta had an annual average daily traffic of 301,000 
vehicles in 2015, making it one of the busiest corridors in the US 
(http://geocounts.com/gdot/). For contrast, the urban site (GT) was located on the rooftop 
of the Environmental Science and Technology building on the Georgia Tech campus 
roughly 420 meters from the RS site. The MOUDIs collected samples in a non-rotating 
mode without a back-up filter and divided particles into ten different size bins under 
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ambient conditions (e.g., RH and T). Aerodynamic particle diameters at 50% collection 
efficiency for the stages (so-called cut-off sizes) were 18, 10, 5.6, 3.2, 1.8, 1.0, 0.56, 0.32, 
0.18, 0.1, and 0.056 µm. Particles with sizes between these cutoffs are collected on separate 
stages. Two sets of samples were collected at each site, with one set using particle 
collection impaction substrates of pre-baked quartz filters (47 mm Tissuquartz™ Filters, 
Pall Corp., Ann Arbor, MI, USA) and the other Zefluor filters (47 mm, PTFE Membrane, 
2 µm pore size, Pall Corp., Ann Arbor, MI, USA). For each MOUDI, sampling was 
conducted for approximately 7 days continuously. The GT set was collected on 3/16-
3/23/2016 and RS set 3/28-4/4/2016. These samples were analyzed for various PM 
chemical components, including organic carbon (OC), elemental carbon (EC), anions, 
cations, and total and water-soluble Fe, Cu, and Mn, as well as OP. Four other sets of 
MOUDI samples were collected at each site for OP analysis only, and two out of these four 
sets were sampled at both sites simultaneously. Collected filter samples were immediately 
sealed in Petri dishes and stored at −18 °C until analyzed, which typically occurred within 
3 days following collection, except for metals analysis, which was done after a 2-month 
storage period.  
5.3.2 PM chemical components 
Each quartz filter from the MOUDI samples was cut into portions for determining various 
chemical components. A 1.5 cm2 portion was used for OC and EC thermal optical 
determination using a Sunset OCEC Analyzer (Sunset Laboratory Inc., Tigard, OR, 
IMPROVE method). Another same size portion was extracted with DI water and filtered 
(0.45 µm syringe filter) for ion measurement via ion chromatography with conductivity 
detection (Metrohm 761 Compact ICs, Riverside, FL, USA). The remaining fraction of the 
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filter was cut in half and analyzed for total and water-soluble metals using an Inductively 
Coupled Plasma Mass Spectrometry (ICP-MS) (Agilent 7500a series, Agilent 
Technologies, Inc., CA, USA). Details on how the mass was determined on divided filters 
and how the OCEC analysis was done on MOUDI samples is provided in the Appendix 
A.5. 
For determining total metals, samples were digested in 1:3 HNO3:HCl solution, diluted 
with DI water, then filtered with 0.45 µm syringe filters. For measuring water-soluble 
metals, filters were sonicated in DI water for 0.5 hr with an Ultrasonic Cleanser (VWR 
International LLC, West Chester, PA, USA). After sonication, the extracts were filtered 
using 0.45 µm syringe filters, then HNO3 was added to produce a final concentration of 
2%. Here we focus on Fe, Cu, and Mn as they are common transition metals linked to 
aerosol toxicity (Pardo et al., 2015; Shuster-Meiseles et al., 2016; Costa and Dreher, 1997; 
Ghio et al., 1999b; Kadiiska et al., 1997). A set of standards of these metals were treated 
following the same procedures as samples to establish filter mass concentrations from the 
ICP-MS responses. R2 of the standard calibration curves ranged from 0.9918 to 0.9995 
(N=8) for various metals. A 25 ppb internal standard of scandium (Sc) was added to all 
samples and standards to monitor analytical drift. The overall uncertainty that included the 
precision of standards, variability in sample airflow rate, extraction procedure (assuming 
5%), and blanks, (all one standard deviation), was estimated to be 8% for Cu, 8% for Fe, 
and 6% for Mn. Limits of detection for the water-soluble metals method were 0.0003 ng 
m-3 for Cu, 0.26 ng m-3 for Fe, and 0.003 ng m-3 for Mn, and those for total metals method 
were 0.098 ng m-3 for Cu, 0.95 ng m-3 for Fe, and 0.004 ng m-3 for Mn. 
5.3.3 Oxidative potential 
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Oxidative potential (OP) was measured on a half portion of the MOUDI Zefluor filters. 
Sample preparation and the OP methods are described in detail in other publications (Fang 
et al., 2016; Fang et al., 2015b). Filters were extracted in DI water, filtered with 0.45 µm 
syringe filters, then separated into two fractions. One was analyzed with the Ascorbic Acid 
(AA) method via a simplified approach to the AA analysis method that uses a synthetic 
respiratory tract lining fluid model (Mudway et al., 2005; Zielinski et al., 1999) to 
determine water-soluble AA activity (OPws
AA
). The other filter fraction was measured for 
water-soluble DTT activity (OPws
DTT
) with the dithiothreitol (DTT) assay. These two assays 
measure the oxidative capacity of particles by monitoring the consumption rate of AA and 
DTT at pH = 7.4 and T = 37 °C. Final OP data are reported as DTT consumption per 
volume of sample air (units of nmol min-1 m-3). 
5.3.4 Aerosol pH 
pH is defined as the logarithmic scale of the hydronium ion activity in an aqueous solution. 
 𝒑𝑯 = − 𝐥𝐨𝐠𝟏𝟎 𝜸𝑯+𝑯𝒂𝒒






                   (Equation 9)  
Where 𝛾𝐻+ is the hydronium ion activity coefficient (assumed = 1) and 𝐻𝑎𝑞
+  (mole L-1) is 
the hydronium ion concentration within the ambient particle liquid water. 𝐻𝑎𝑞
+  can be also 
be viewed as the hydronium ion concentration per volume of air 𝐻𝑎𝑖𝑟
+  (µg m-3) divided by 
the concentration of particle liquid water, 𝑊𝑖 (µg m
-3). Since most particle water is 
associated with the highly hygroscopic inorganic species, such as sulfate, liquid water is 
often estimated from only the inorganic species concentrations, ignoring smaller 
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contributions by organic aerosol components (Guo et al., 2015). We follow that approach 
here. 
There is no accurate way to directly measure the pH of ambient PM2.5. Methods to infer 
pH based on ion balances or ratios of measured anion and cations (which does not include 
OH- or H+) are not good surrogates for pH (Guo et al., 2015; Hennigan et al., 2015; Guo et 
al., 2016; Bougiatioti et al., 2016). Measurements of “strong acidity” (Koutrakis et al., 
1988) often used in previous health studies, are also not an accurate measure of actual 
particle pH since in that approach 𝐻𝑎𝑞
+  is determined in a vastly more dilute solution than 
what exits in the ambient aerosol and so is essentially an ion balance approach. Currently, 
the most accurate way to determine particle pH is to run a thermodynamic model to predict 
pH based on measured gas and particle species that contribute to pH, assuming the 
thermodynamic system is in equilibrium. Here we use the model ISORROPIA-II (Nenes 
et al., 1999; Fountoukis and Nenes, 2007), which predicts both 𝐻𝑎𝑖𝑟
+  and 𝑊𝑖 to determine 
pH. Ideally, inputs to the model include total (gas plus particle) concentrations of all 
species that affect pH. The model then predicts equilibrium partitioning of species between 
the gas and particle phases. A number of studies show the equilibrium condition is met for 
fine particles (Weber et al., 2016; Guo et al., 2016; Guo et al., 2015), which can occur fairly 
rapidly (15 to 30 minutes) (Fountoukis et al., 2009). This is not true for the coarse mode 
due to kinetic limitations (Cruz et al., 2000; Dassios and Pandis, 1999; Fountoukis et al., 
2009). Thus pH was calculated using different methods for fine and coarse modes. First, 
since no gas phase species were available, we determined pH in the fine mode through an 








K+, Ca2+, and Mg2+) and ISORROPIA-II to predict gas species. Total fine mode aerosol 
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concentrations for each ion were determined by summing measured concentrations for 
MOUDI stages below and including 3.2 µm cut size. Then, under the assumption that the 
fine mode ions were in equilibrium with the gas phase, ISORROPIA-II was run in forward 
mode and gas phase concentrations of NH3, HNO3, HCl were determined; predicted gas 
phase concentrations from the i-1 run were applied to the ith iteration, until the gas 
concentrations converged. The converged gas concentrations were similar to what has been 
observed in this region [e.g., ammonia, being the most important was predicted to be 
between 0.6 and 0.7 µg m-3, similar to that recorded in the southeastern US (0.1-0.8 µg m-
3) (Weber et al., 2016)]. We have used this iterative method in a previous study (Guo et al., 
2016). With these gas phase concentrations, ISORROPIA-II was run for each MOUDI 
stage using that stage’s measured aerosol ion concentrations and estimated gas 
concentrations to determine pH for each stage. Since equilibrium is not expected between 
the gas and particles of the coarse mode due to kinetic limitations, and because these 
measurements were made fairly close to the source of the coarse mode particles, pH was 
determined by ignoring interaction with the gas phase. ISORROPIA-II was run in forward 
mode with zero gas concentrations. A similar result was found for ISORROPIA-II run in 
reverse mode for the coarse particles, although the numerical solution can be more 
unstable. The fine mode pH predicted here (pH of 1 to 2) is similar to levels found in other 
studies in this region where more complete data sets (i.e., gases measured) were available. 
We assumed particles to be internally mixed (i.e., homogeneous pH within each size bin) 
when calculating pH for each size bin. Freshly emitted particles and coarse mode particles 
may be largely external mixtures. A similar assumption has been made when calculating 
bulk pH of PM1 and PM2.5 in our past studies and good agreement was still found between 
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observed and predicted partitioning of semivolatile species (Guo et al., 2016; Guo et al., 
2015; Weber et al., 2016). Insoluble ions are not an issue as their concentration is too low 
that they don’t affect the equilibrium of H+ in the aqueous solution unless they impede 
dissolution or mass transport within the particle or between the particle and the gas phase 
(Meskhidze et al., 2005). The uncertainty of pH prediction based on known sources was 
estimated to be 13% in a previous study (Guo et al., 2015) and expected to be higher in this 
study considering the estimated gaseous concentrations and the lower inorganic mass 
loadings distributed in MOUDI stages. The accuracy of the pH prediction is predominantly 
judged by the reproduction of semi-volatile components partitioning between gas and 
particle phases (i.e., how do predicted gas NH3 or HNO3 and particle NH4
+ or NO3
- 
compare to the measurements of these species, as these predictions depend on other ions 
and RH, T. Details on ISORROPIA-II and verification of predicted pH for PM2.5 in both 
the southeastern and northeastern US has been reported (Weber et al., 2016; Guo et al., 





Figure 5-1 Ambient size distributions of PM chemical components and water-soluble 
oxidative potential at a road-side site (left panel, RS, measurements 3/28-4/4/2016) 
and an urban background site (right panel, GT, measurements 3/16-3/23/2016) in 
Atlanta, GA, USA. OC and EC were fitted with a lognormal curve (intercept forced 
to zero) for size ranges < 2.5 µm while others were fitted for the whole size range. 
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GMD is the geometric mean diameter (µm). The vertical dotted line is aerodynamic 
diameter at 2.5 µm, the so-called upper limit of PM2.5. Water-soluble (denoted as ws) 
Fe had low concentrations relative to total. Water-soluble Fe with enlarged scale can 
be found in Figure 5-8 in section 5.7. 
 
Figure 5-1 shows the measured size distributions of various PM components and oxidative 
potential at a road-side (RS) and urban (GT) site in Atlanta, GA. Measurements of OP from 
other sampling times show similar distributions (Figure 5-4 to Figure 5-8). The fitted 
distribution equation and parameters, (geometric mean diameters (GMD) and geometric 
standard deviation (σg)), and the associated uncertainties can be found in Table 5-1. 
Although the MOUDI samples at the two sites in Figure 5-1 were collected at different 
times, given the samples were averaged over 7 days, and that both were collected close in 
time, the size distributions are taken to represent the general characteristics of the two sites. 
(Note that the comparisons of OP in Figure 5-1 lead to similar observations to those from 
OP measured simultaneously at the two sites, see Figure 5-5 and Figure 5-7). 
5.4.1 Size distributions of metals 
Cu, Fe, and Mn exhibited a single mode for both total (elemental) and water-soluble 
components. As expected for mechanically generated aerosols (Willeke and Whitby, 
1975), total metals were predominantly found in the coarse mode. Water-soluble metals, 
however, peaked at smaller sizes. Differences in particle GMD between total and water-
soluble metals were more obvious for Cu and Fe than for Mn. At the two sites, the GMD 
for water-soluble Cu and Fe ranged from 1.24 to 2.35 µm, whereas for total Cu and Fe, 
GMDs were between 2.63 and 3.90 µm. Mn had more similar GMDs for water-soluble 
(3.17 and 3.78 µm) fractions versus total (3.83 and 4.13 µm).  
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Concentrations also differed between sites. The RS site had much higher levels of total Cu 
and Fe compared to the GT site, indicating a primary traffic emission source. Total Mn was 
more uniform between the two sites. This is consistent with known sources. Past studies 
have attributed Cu to brake/tire wear (Adachi and Tainosho, 2004; Sternbeck et al., 2002; 
Garg et al., 2000), Fe to brake/tire wear (Adachi and Tainosho, 2004; Hopke et al., 1980) 
and mineral dust (Rodrı́guez et al., 2004; Choi et al., 2001), and some Mn to brake/tire 
wear (Birmili et al., 2006) and a significant source from mineral dust (Rodrı́guez et al., 
2004; Choi et al., 2001). For water-soluble comparisons between the two sites, Cu and Fe 
concentrations were also higher by the RS site, whereas Mn levels were similar. This is 
consistent with our previous findings for the Atlanta region where water-soluble Mn had a 
more regional characteristic, consistent with a mineral dust source, while water-soluble Cu 
and Fe had a stronger traffic-related source (Fang et al., 2015a). Thus, comparisons 
between the two sites show that the RS metals were associated with generally larger 
particles, consistent with expectations that sedimentation would deplete larger particles as 
transported further from the source (i.e., metals in smaller particle sizes are enhanced 
relative to larger particles at the GT site).  
Comparisons of the water-soluble to total fractions indicate the extent of their solubility. 
The average (± SD) water-soluble fraction for all size ranges from all data were 13 ± 14%, 
44 ± 36%, and 50 ± 30% for Fe, Cu, and Mn, respectively. In general, Fe was the least 
soluble among the three metals, consistent with other studies (Birmili et al., 2006; Espinosa 
et al., 2002). A box plot showing the span of metal solubility over the whole size range is 
shown in Figure 5-2. For all three metals, PM2.5 had substantially higher soluble fractions 
than the coarse mode (see Figure 5-9). 
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Figure 5-2 Metal solubility in relation to pH for (a) Cu, (b) Mn and (c) Fe. (d) shows 
box plots of metals solubility across all size ranges. Top whisker – 90%, bottom 
whisker – 10%, line in the box – median, box top – third quartile, box bottom – first 
quartile. The finest stage (Dp = 0.056-0.1 µm) and the stage with Dp = 0.1-0.18 µm 
(only for Fe) had metal concentrations below the detection limit and not included in 
solubility calculations. 
 
5.4.2 Size distributions of carbonaceous particles and sulfate 
Organic and elemental carbon (OC and EC) in ambient particles showed a typical aerosol 
bi-modal distribution with a clear fine-mode (≤ PM2.5) and coarse-mode (PM2.5-10), with a 
minimum between modes at about 2.5 µm. At the RS site, OC had a more prominent coarse 
mode and EC was generally associated with smaller particles. In contrast, sulfate was most 
abundant in the fine mode. Although SO2 is mainly from point sources, such as coal-fired 
electric generating units, the conversion of SO2 to form secondary sulfate results in a 
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regional characteristic for sulfate (Hidy et al., 2014), accounting for similar concentrations 
between the two sites (Figure 5-1). 





 had a mono-modal distribution, which peaked near the separation 
between fine and coarse modes (i.e., 2.5 µm). However, the peaks in the modes were at 
slightly higher sizes at the RS site, similar to what was observed for water-soluble Cu and 
Fe. In terms of OP magnitude, OPws
AA
 levels were substantially higher at the RS than the 
GT site, whereas OPws
DTT





 appear mainly associated with roadway emissions. In 
comparing the two measures of OP, OPws
DTT
 peaked at a smaller size than OPws
AA
 at both sites 
and had a much broader distribution. Other studies have also reported OP size distributions, 
but only focused on differences between broad aerosol modes; e.g., ultrafine, fine, and 
coarse. The more highly size-resolved data reported here are generally consistent with other 
studies (see Figure 5-10), but provide substantially more insight on the sources and 
processes leading to aerosol OP. 
5.5 Discussion 
The OP size distributions are unique in that they peak near 2.5 µm, which is the minimum 
separating the mass-based coarse and fine modes (see sulfate and OCEC distributions, for 
example). This affects where particles are deposited in the respiratory tract (Peters et al., 
1997; Lippmann, 2010). The cause for the OP distributions being largely centered near 2.5 
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µm can be explained by how the fine and coarse mode interaction contributes to water-
soluble metals. 
5.5.1 Metals dissolution by acid processing 
There are two ways that a metal can become soluble, acid dissociation under low pH 
conditions (Nenes et al., 2011; Shi et al., 2011; Meskhidze et al., 2003), or by forming a 
ligand with an organic species, such as oxalate, at higher pH (Schwertmann, 1991; Ali and 
Dzombak, 1996). A concentration of water-soluble metals peaking at the overlap between 
sulfate and the total metals suggests an acidity-driven metals dissolution process. Taking 
Cu as an example, size distributions of sulfate, water-soluble and total Cu are plotted 
together in Figure 5-3 for the RS and GT site. The water-soluble Cu peak was within the 
overlap of the lower tail of the primary total Cu distribution in the coarse mode and upper 
tail of the secondary sulfate distribution in the fine mode. If in this overlap area, sulfate 
and total Cu were internally mixed (within a single particle), insoluble Cu may be 
mobilized over time by sulfuric acid, creating a soluble form of Cu.  
Calculated particle pH for each MOUDI stage is also shown in Figure 5-3 and supports this 
hypothesis. Concentrations of the various ions measured on the MOUDI stages that went 
into the pH calculation are shown in section 5.7 Figure 5-11. Predominance of sulfate and 
lack of mineral cations in the fine mode (Dp less than approximately 1.8 µm) results in a 
very low pH, ranging between 1 and 2, whereas low levels of sulfate and high levels of 
cations, such as Ca2+ and Mg2+ (see Figure 5-11), likely in the form of carbonates (CaCO3 
and MgCO3) (Ito and Feng, 2010) in the coarse mode leads to a more neutral coarse mode, 
with pH approximately near 7. The transition between these two modes is where the soluble 
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metals are found. Metals solubility in relation to pH at each MOUDI stage from both sites 
are shown in Figure 5-2 (a-c). When pH is near neutral, metals solubility was low; as pH 
decreased, solubility substantially increased, further supporting the association of pH with 
metals solubility and the mechanism of acid processing. Longo et al. (Longo et al., 2016a) 
also found increasing mineral dust Fe solubility with particle acidity in Saharan dust. The 
very low pH levels for the fine mode reported here are also consistent with more detailed 
calculations of pH we have reported for the same region (Guo et al., 2015; Weber et al., 
2016) and in other locations (Bougiatioti et al., 2016; Guo et al., 2016), indicating that this 
mechanism of metals solubility may apply to many regions. 
 
Figure 5-3 Metals (e.g. Cu) dissolution by sulfate under acidic conditions. The vertical 
dotted line is aerodynamic diameter (Dp) at 2.5 µm, the upper limit of so-called PM2.5. 
pH was estimated from ISORROPIA-II based on ionic species from MOUDI samples 




The dissolution of metal oxides at low pH takes time, from hours up to weeks (Shi et al., 
2011). Meskhidze et al. (Meskhidze et al., 2003) found that 2-5% Fe was mobilized after 
4 days at pH = 1 and that at low pH, the dissolution is much faster since the dissolution 
rate depends exponentially on pH. Given that the sampling was done continuously for 7 
days, particles collected on the filters were subject to possible post-collection dissolution 
for an average of 3.5 days. As shown in Figure 5-2 and Figure 5-3, for fine particles, pH 
values were in the range of 1 to 2, therefore, the solubility of fine-mode Fe could be over-
estimated by up to roughly 5% compared to ambient aerosols, since the collected particles 
remained at ambient conditions for an extended period of time during the sampling period. 
As for coarse particles, the predicted pH was larger than 4 and so this effect will be 
negligible. In our study, the metal analysis was done after a 2-month storage period in a 
freezer. Majestic et al. (Majestic et al., 2006) showed that Fe particles collected on a filter 
and stored frozen didn’t change significantly over 3 months. Therefore, continuous 
dissolution during storage did not likely happen. The toxicity of aerosols is highly sensitive 
to pH since over their lifespan only a fraction of the total elemental metal is solubilized. 
Sulfate plays a key role; its high hygroscopicity leads to the formation of the aqueous drops 
and provides H+ that dissolves the metals, forming soluble forms of metal sulfates. 
Our other studies in Atlanta support these findings. Correlations have been observed 
between water-soluble Fe and sulfate (r2 = 0.62 - 0.76, N=181) in summer and fall (Fang 
et al., 2015a). Single particle X-ray fluorescence (XRF) measurements has shown that Fe 
solubility was associated with particle sulfur content (Oakes et al., 2012) and that 
approximately 50% of the sulfate within individual particles between 1 and 2.5 µm was 
associated with a metal cation, likely in the form of iron or copper sulfates (Longo et al., 
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2016b). These results are also consistent with our source apportionment analysis for 
aerosols in metropolitan Atlanta, where we found that in PM2.5, roughly 50% of the water-
soluble Fe and 40% of the water-soluble Cu were associated with secondary processing 
(Fang et al., 2015a). The remaining fraction of these metals was largely associated with a 
primary brake/tire wear source (32% of Fe and 51% of Cu) consistent with high levels at 
the RS site. 
Because of water-soluble transition metals contribution to OP, these processes play an 




. Our previous study 
showed that Cu is a common contributor to OPws
AA and OPws
DTT
 in PM2.5 ambient samples 
(Fang et al., 2016). In fact, water-soluble Cu was nearly exclusively correlated with OPws
AA
  




AA higher at the RS than the GT site (Figure 5-1). In contrast, we have reported that 
OPws
DTT
 was sensitive to water-soluble Cu as well as certain organic species from 
combustion sources (Verma et al., 2014). The combined contribution from these two 
different aerosol components to OPws
DTT





 distributions; that is the OPws
DTT
 distribution peaking between the fine-mode OC 
peak and water-soluble Cu peak, resulting in a broader distribution than OPws
AA
. 
5.5.2 Role of metals in OP and health 
The size distribution results presented here, along with our previous single particle 
analysis, demonstrate that acid processing of metals by sulfate increased the metals 
solubility and particle OP, providing a linkage between sulfate and adverse health effects 
that may explain some of the past associations often found between sulfate or “strong 
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acidity” and various health endpoints (Dockery et al., 1993; Pope et al., 1995; Sarnat et al., 
2008; Gwynn et al., 2000; Thurston et al., 1994; Thurston et al., 1991; Burnett et al., 1997; 
Fairley, 1999; Schwartz et al., 1996). Our results are consistent with the earlier findings of 
Ghio et al.(Ghio et al., 1999a), who pointed out a linkage between ambient aerosol sulfate 
content, soluble metals, and oxidant generation. However, they hypothesized Fe solubility 
was driven by ligand formation, and not acid-driven dissolution. Other processes involving 
sulfate may also adversely affect health, such as catalyzing the formation of secondary 
hazardous organic aerosols (Jang et al., 2002) and chemical reactions involving hydrogen 
peroxide (Friedlander and Yeh, 1998). In addition, other particle pH effects are possible, 
for example, pH below 5 can enhance the formation of ozonide at the air-lung surface, 
leading to ROS generation in vivo, inducing oxidative stress due to ozone (Enami et al., 
2008). 
Changing emissions may increase the importance of aerosol pH health effects in the future. 
Although particulate sulfate has substantially decreased in the southeast US over the past 
15 years due to the reduction of sulfur dioxide emissions from electrical generating units 
(Hand et al., 2012), we have shown that fine particle pH has not significantly changed, 
remaining highly acidic with pH between -1 and 2 (Weber et al., 2016). pH below 
nominally 3 is likely required to solubilize iron in ambient particles within a reasonable 
time (Meskhidze et al., 2003), (other transition metals, such as Cu, will solubilize at a 
higher pH), making it possible for this effect to be widespread given our observations of a 
ubiquitous low fine particle pH (Guo et al., 2016; Guo et al., 2015). Traffic-related metals 
emissions are not expected to decrease substantially in the near future; traffic counts have 
increased over the past ten years (http://geocounts.com/gdot/). Adaptation to electric 
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powered vehicles will end tail-pipe emissions, but mechanically generated tire/brake wear 
emissions will continue. Metals mobilization by acidification is therefore likely to remain 
an important factor in future aerosol OP and the health effects of PM.  
5.6 Conclusions 
Size distributions of various PM components were used to investigate how sulfate, through 
particle pH, affects the mobilization of metals, and its effect on aerosol oxidative potential 
(OP) measured by the AA and DTT assays. Comparisons were made between a road-side 
and an urban site in Atlanta, GA. Our results suggest that the very low pH (< 2) of fine 
particles results in an increase in highly toxic water-soluble particulate matter transition 
metal ions. This happens by the interaction between acidic fine mode particles and primary 
insoluble metal particles in the coarse mode. The intersecting tails of these two 
distributions result in a soluble metal size distribution that peaks near particles with 
aerodynamic diameter of 2.5 µm, the minimum between the fine and coarse mass modes 
and the upper limit of PM2.5. Size-resolved OP showed similar atypical ambient aerosol 
distributions, which will impact deposition patterns in the respiratory system. These 
findings highlight how atmospheric processing of aerosol emissions can substantially 
increase their toxicity, and the role of sulfate in this process may help to explain reported 
linkages between sulfate, or “strong acidity”, and adverse health outcomes in many past 
studies.  
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5.7 Supporting materials 
Table 5-1 Summary of size distribution geometric mean diameters (GMD) and geometric 
standard deviation (σg) for lognormal fits (intercept forced to zero) of various PM components 
and water-soluble ascorbic acid (𝐎𝐏𝐰𝐬
𝐀𝐀) and dithiothreitol (𝐎𝐏𝐰𝐬
𝐃𝐓𝐓) activities from MOUDI 
samples collected in Atlanta, GA.    
  Road-side (RS) Urban (GT) 
Species GMD GMD_SD σg σg _SD GMD GMD_SD σg σg _SD 
water-soluble Cu 2.35 0.06 1.58 1.02 1.65 0.10 1.65 1.06 
total Cu 3.70 0.12 1.65 1.03 2.62 0.13 2.04 1.05 
water-soluble Fe 1.30 0.08 1.31 1.03 1.21 0.39 1.33 1.25 
total Fe 3.89 0.15 1.74 1.04 3.88 0.23 2.14 1.06 
water-soluble Mn 3.09 0.41 2.42 1.15 3.72 0.38 2.44 1.11 
total Mn 4.12 0.21 1.84 1.05 3.78 0.23 2.09 1.06 
SO4 0.97 0.06 2.27 1.07 0.78 0.04 2.16 1.06 
OC 0.94 0.15 3.47 1.20 0.68 0.04 2.74 1.07 
EC 0.53 0.08 2.79 1.19 0.63 0.05 2.42 1.08 
OPws
AA
 2.39 0.09 1.85 1.04 1.56 0.11 1.92 1.07 
OPws
DTT
 1.77 0.21 5.79 1.16 0.80 0.15 5.59 1.25 




Figure 5-4 Ambient size distribution of OP from MOUDIs collected in summer 2015. 
 
 




Figure 5-6 Ambient size distribution of OP from MOUDIs collected in fall 2015. 
 




Figure 5-8 Ambient size distribution of water-soluble Fe from MOUDIs collected on 
3/28-4/4/2016 and 3/16-3/23/2016 at a road-side and urban site, respectively. 
 
Figure 5-9 Water-soluble fraction (solubility) of Cu, Fe, and Mn from MOUDIs 
collected on 3/28-4/4/2016 and 3/16-3/23/2016 at road-side and urban site, 
respectively. The finest stage (0.056-0.1 µm) and the stage with Dp = 0.1-0.18 µm (only 





Figure 5-10 Water-soluble DTT activity of particle size fractions over broad ranges 
for comparisons with OP distributions reported in the literature. 
 
Comparison of highly size-resolved MOUDI OPDTT to that of other studies. 
Other studies have compared OPws
DTT
 of different size modes, including ultrafine (Dp < 0.18 
µm), fine (0.18 ≤ Dp ≤ 2.5 µm), and coarse (Dp > 2.5 µm), and found that fine particles 
had the highest OPws
DTT
 in both traffic and urban environments (Li et al., 2003b; Steenhof 
et al., 2011; Cho et al., 2005; Ntziachristos et al., 2007). Another study found particles with 
Dp within 0.49-3 µm range had the highest OPws
DTT
 (Velali et al., 2016). Integrating our 
OPws
DTT
 size distributions to match the less size-resolved data of these other studies (Dp < 
0.18, 0.18-3.2, and >3.2 µm) shows general consistency with the previous studies (see 
Figure 5-10). In contrast, Steenhof et al. (Steenhof et al., 2011) found that fine mode had 
the lowest OPws
DTT




Figure 5-11 Ambient size distribution of cations and anions from MOUDIs collected 
on 3/28-4/4/2016 and 3/16-3/23/2016 at road-side and urban site, respectively. The 
vertical dotted line is aerodynamic diameter at 2.5 µm. 
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6.1 Abstract 
Ambient particulate matter may upset redox homeostasis leading to oxidative stress and 
adverse health effects. Size distributions of water-insoluble and water-soluble OPDTT 
(dithiothreitol assay, a measure of oxidative potential per air volume) are reported for a 
roadside site and an urban site. The average water-insoluble fractions were 23% and 51%, 
and 37% and 39%, for fine and coarse modes at the road-side and urban site, respectively, 
measured during different periods. Water-soluble OPDTT was unimodal, peaked near 1-2.5 
µm due to contributions from fine-mode organic components plus coarse-mode transition 
metal ions. In contrast, water-insoluble OPDTT was bimodal, with both fine and coarse 
modes. The main chemical components that drive both fractions appear to be the same, 
except that for water-insoluble OPDTT the compounds were absorbed on surfaces of soot 
and non-tailpipe traffic dust. They were largely externally mixed and deposited in different 
regions in the respiratory system, transition metal ions predominately in the upper regions 
and organic species, such as quinones, deeper in the lung. Although OPDTT per mass 
(toxicity) was highest for ultrafine particles, estimated lung deposition was mainly from 
accumulation and coarse particles. Contrasts in the phases of these forms of OPDTT 
deposited in the respiratory system may have differing health impacts. 
6.2 Introduction 
Studies have associated exposure to particulate matter (PM) with adverse health effects 
(Hoek et al., 2013; Brook et al., 2010; Pope et al., 2004). Oxidative stress, an imbalance 
toward an excess of reactive oxygen species (ROS), is considered to induce inflammation, 
a possible mechanism leading to adverse health effects (Xia et al., 2006). In an effort to 
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find a more biologically relevant metric than bulk PM mass concentration to represent the 
integrated effects from multiple toxic components in PM, oxidative potential (OP), defined 
as the capability of particles to deplete physiological antioxidants (reductants) and generate 
ROS, has been proposed. Positive associations between cardiorespiratory health endpoints 
and OP measured with the dithiothreitol (DTT) assay (OPDTT) have been reported (units 
for OPDTT are loss of DTT per time per volume of air sampled) (Yang et al., 2016; Bates 
et al., 2015; Delfino et al., 2013). Physiologically relevant assays, glutathione (OPGSH) and 
ascorbic acid (OPAA) (both antioxidants found in lung fluid), tested in a synthetic 
respiratory tract lining fluid model show mixed results; OPGSH has been associated with 
lung cancer mortality (Weichenthal et al., 2016a) and myocardial infarction (Weichenthal 
et al., 2016b) while OPAA was not. In other studies, neither OPGSH nor OPAA was associated 
with respiratory function (Strak et al., 2012; Steenhof et al., 2013) or cardiorespiratory 
mortality (Atkinson et al., 2016). Comparing OPDTT and OPAA, we found positive 
associations between asthma/wheeze and congestive heart failure with OPDTT, but not with 
OPAA (Fang et al., 2016). Here, we focus on OPDTT, but the analysis could be repeated for 
other OP assays. 
In many cases, when implementing the DTT assay, particles are extracted in water followed 
by liquid filtration to remove solid or insoluble fractions. But studies show that OPDTT can 
also be associated with insoluble aerosol components. Daher et al. (Daher et al., 2011) 
found that the OPDTT values of particles collected using a Biosampler without filtration, 
thought to collect both water-soluble and insoluble fractions, were substantially higher than 
those of the aqueous extracts of the particles collected with a filter. McWhinney et al. 
(McWhinney et al., 2013a) found that approximately 25% and 90% of the OPDTT was in 
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the water-insoluble fraction for urban PM and diesel exhaust particles, respectively. These 
studies and others (Li et al., 2013; Yang et al., 2014; Verma et al., 2012) provide evidence 
that insoluble aerosol species contribute to OP and should be considered when assessing 
health effects.  
Elemental carbon (EC, black carbon or soot) is one of the insoluble species in PM identified 
as a serious health hazard. Research has shown that exposure to soot exacerbates 
cardiovascular and respiratory symptoms (McCreanor et al., 2007; Grahame and 
Schlesinger, 2010; Janssen et al., 2012). Soot is usually found mainly in the fine mode 
(PM2.5, meaning all particles with aerodynamic diameter less than 2.5 µm) and is a product 
of incomplete combustion (Homann, 1998). In terms of OP, studies have linked reactive 
oxygen intermediates formed on the surface of soot, such as quinones from the oxidation 
of polycyclic aromatic hydrocarbons (PAHs) by ozone, to increased OPDTT (Shiraiwa et 
al., 2011; Antinolo et al., 2015). Both representative (Li et al., 2013) and real (McWhinney 
et al., 2013a; McWhinney et al., 2011) diesel exhaust soot, when oxidized by ozone, 
exhibited much higher OPDTT. The OPDTT associated with diesel exhaust soot was not 
extractable by acid (Pan et al., 2004) or organics solvents, including methanol (McWhinney 
et al., 2013a) and dichloromethane (DCM) (McWhinney et al., 2013a; Pan et al., 2004), 
indicating that the DTT-active species were strongly adsorbed to the soot surface. 
Association between OPDTT and the number of surface sites on nanoparticles (Sauvain et 
al., 2012) has been reported. These laboratory findings indicate that OPDTT is contiguous 
with the surface of soot and that OPDTT may play a key role in the adverse health effects of 
soot. Soot also provides a surface for the formation and stabilization of some ROS, e.g. 
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“environmentally persistent free radicals” (EPFRs) (Dellinger et al., 2007; Arangio et al., 
2016), which may also be related to soot toxicity. 
Coarse-mode aerosol (PM2.5-10, meaning particles with a size between 2.5 and 10 µm) also 
has been linked to adverse health effects (Ostro et al., 1999; Osornio-Vargas et al., 2011; 
Hetland et al., 2004) and a significant fraction of the coarse-mode particle species are 
insoluble, remaining solid when deposited in liquid environments. Although variable levels 
of soot can be found in particles larger than PM2.5, most insoluble species are associated 
with mechanically generated aerosols, such as mineral and fugitive dust. In urban 
environments, this has been linked to tire/brake wear components from traffic and 
construction activities in non-arid regions (Shirmohammadi et al., 2015; Furusjö et al., 
2007; Weinbruch et al., 2014). Minerals (e.g. silicates, calcium carbonates, metal oxides, 
or clay minerals (Klein et al., 2008)) can induce ROS formation as a solid particle binding 
to a cell surface or entering the cell by engulfment and lead to ROS production, or as a 
“carrier” of more toxic species such as metals and surface-sorbed PAHs (Schoonen et al., 
2006).  
Aerodynamic size, in part, affects the location of deposition in the respiratory system 
(Peters et al., 1997; Lippmann, 2010). Particles deposited deep within the lung are most 
damaging due to difficulty in clearance and more readily enter the bloodstream when 
deposed in the alveoli (Nemmar et al., 2002; Furuyama et al., 2009). The circulatory system 
translocates soluble species and insoluble particles and the associated OP from the lung to 
other critical organs such as kidneys (De Jong et al., 2008; Li et al., 2017), heart (De Jong 
et al., 2008) and liver (De Jong et al., 2008; Oberdorster et al., 2002; Li et al., 2017), among 
others (Li et al., 2017), causing localized effects. In addition, recent studies show that 
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particles deposited in the nasal region translocate into the central nervous system via the 
olfactory bulb and cause brain lesions, dementia (Oberdorster et al., 2004; Maher et al., 
2016; Chen et al., 2017) and impaired cognitive development (Sunyer et al., 2015). Particle 
size is also related to different toxic effects. Various studies have attempted to link PM size 
to adverse health effects. Some studies indicate that coarse particles are more potent at 
inducing hemolysis and DNA degradation (Osornio-Vargas et al., 2011), and pro-
inflammatory cytokines in vitro (Hetland et al., 2004) than fine particles (PM2.5), whereas 
some show that inhibition of cell proliferation is significantly stronger by PM2.5 (Osornio-
Vargas et al., 2011). The ultrafine fraction (PM0.1) is often viewed as highly toxic. PM0.1 is 
observed to cause airway inflammation in vivo (De Haar et al., 2006), more strongly 
associated with biomarkers of systemic inflammation than larger-size fractions (Delfino et 
al., 2009), and the small size enables penetration of pulmonary barriers and travel to other 
organs or cell membranes leading to damage of cell organelles, such as mitochondria (Li 
et al., 2003b), whereas accumulation (PM0.1-2.5) and coarse fractions do not show similar 
behaviors, however more recent studies show that solid particles up to 1.75 µm in diameter 
also translocate to various organs from the lung (Li et al., 2017).  
Although there has been substantial research on the toxicity of ambient PM in relation to 
particle size, there are limited studies on the ambient size distribution of OP. Several 
studies (Steenhof et al., 2011; Cho et al., 2005; Li et al., 2003b; Ntziachristos et al., 2007) 
have examined the OPDTT of different size fractions of PM collected by the Versatile 
Aerosol Concentration Enrichment System (VACES), contrasting OP between broad 
aerosol modes, e.g. quasi-ultrafine (aerodynamic diameter, Dp < 0.18 µm), accumulation 
(0.18 ≤ Dp ≤ 2.5 µm), and coarse fractions (Dp > 2.5 µm). It is generally found that on a 
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per unit air volume basis, accumulation-mode particles have the highest OPDTT per volume 
air, whereas ultrafine particles show much higher OPDTT per unit mass than accumulation 
and coarse particles.  
Here, we investigate the ambient size distribution and the major chemical players of both 
water-soluble and -insoluble OPDTT for particles collected from two contrasting sites. 
Specifically, we study the relationship between fine-mode soot and coarse-mode dust and 
water-insoluble OPDTT. The size distributions of OP were also used to assess the deposition 
of both forms of OPDTT in the human respiratory system.  
6.3 Methods 
6.3.1 Size-Segregated Sampling of PM 
Details on the sampling and chemical analysis can be found in section 5.3.1 and Fang et al. 
(Fang et al., 2017a). Two 10-stage Micro-Orifice Uniform Deposit Impactors (MOUDI, 
MSP Corp., Shoreview, MN, USA) were used to collect size-segregated ambient particles 
at a roadside (RS) site and an urban representative (GT) site in Atlanta, GA, from summer 
2015 to spring 2016. The RS site was adjacent to highly congested interstate highway 
(I75/85), and the GT site was located on the rooftop of a building on the Georgia Tech 
campus, roughly 420 m from the RS site. The 50% cutoff aerodynamic diameters of the 
MOUDI are 18, 10, 5.6, 3.2, 1.8, 1.0, 0.56, 0.32, 0.18, 0.1, and 0.056 µm. The MOUDIs 
were operated in a non-rotating mode without a backup filter at a flow rate of 30 L min-1. 
Methods to account for non-uniform deposits of particles due to non-rotating mode on 
chemical analysis are described in the Appendix A.5. Fourteen MOUDI samples were 
collected (seven at each site), while four from these samples (i.e., two pairs) were collected 
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simultaneously at both sites. For each MOUDI run, sampling was conducted under ambient 
RH and temperature (MOUDIs located outdoors) for approximately 7 days to provide 
sufficient mass loadings for various analyses. Studies on the stability of OP at ambient 
temperature are currently lacking, but Sauvain et al. (Sauvain et al., 2015) found that OPDTT 
of particles collected on TeflonTM filters were stable after about 170 h (~7 days), indicating 
a 7-day sampling period will not significantly affect OPDTT. All OP analyses in this work 
were done after a maximum of 3-day sample storage in sealed Petri dishes at -18 °C. 
Sampling periods, filter types used, and species quantified are summarized in section 6.6 
Table 6-1. For every MOUDI sample, one field blank was included. All data were blank 
corrected with the averages from all blanks combined. Consistency between the two 
MOUDIs was first assessed by comparing water-soluble OPDTT (OPws
DTT
) when operated 
simultaneously at the GT site. Orthogonal regression yielded a slope of 1.0 ± 0.1 (value ± 
one standard deviation), low intercept (-6.0 × 10-5 ± 0.002 nmol min-1 m-3), and high r2 
(0.92) (Figure 6-7). 
6.3.2 Chemical Components Analysis 
Teflon (47 mm PTFE Membrane Filters, 2 µm pore size, Pall Corp., Ann Arbor, MI, USA) 
and quartz filters (47 mm, Tissuquartz™ Filters, Pall Corp., Ann Arbor, MI, USA) were 
used as impaction surfaces, depending on the chemical analyses. For simultaneous sets, 
Teflon filters were used for one MOUDI at each site; for different-day collection, both 
quartz and Teflon filters were used for two MOUDIs at one site. Along with OPDTT, particle 
chemical components measured included organic carbon (OC), elemental carbon (EC), 
ions, water-soluble, and total metals. OC, EC, ions, and metals were measured on quartz 
filters, and OPDTT was measured on Teflon filters. OC and EC were measured using a 
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Sunset OCEC Analyzer (Sunset Laboratory Inc., Tigard, OR) following the IMPROVE 
protocol (Chow et al., 2007). Water-soluble and total metals including copper, manganese, 
and iron were measured using inductively coupled plasma mass spectrometry (ICP-MS) 
(Agilent 7500a series, Agilent Technologies, Inc., CA, USA). For water extracts, filters 
were sonicated in deionized (DI) water (> 18 MΩ cm-1) with an Ultrasonic Cleanser (VWR 
International LLC, West Chester, PA, USA) for half an hour, and filtered with PTFE 0.45 
µm syringe filters (FisherbrandTM). For determining total metals (elemental), filters were 
first digested in 2 mL of 1:3 HNO3:HCl solution, diluted in DI water to a final volume of 
10 mL, and then filtered with 0.45 µm syringe filters. Both water-soluble and total samples 
were then acidified by adding HNO3
 to achieve a final concentration of 2% HNO3. A 25 
ppb internal standard of scandium was added to every sample to monitor analytical drift. 
Only Cu data are discussed since our previous studies (Fang et al., 2016; Verma et al., 
2014) show Cu is the main transition metal contributing to the OPDTT. Ions were determined 
on the water-extracted samples (filtered with 0.45 µm filters) using ion chromatography 
(Metrohm 761 Compact ICs, Riverside, FL, USA). Surface area size distributions of OC, 
EC and CaCO3 were calculated assuming spherical particles and the same density across 
















 are the surface area and mass distribution functions, respectively; 
Dp is aerodynamic diameter (µm); Dpg is the geometric mean diameter of each MOUDI 
stage (the square root of the product of upper and lower Dp of each MOUDI stage, µm); 
106 is the unit conversion factor, and ρ is the particle density; 1.27 g cm-3 for OC (Turpin 
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and Lim, 2001), 1.77 g cm-3 for EC (Turpin and Lim, 2001), and 2.71 g cm-3 for CaCO3. 
(CaCO3 was calculated from Ca
2+; although the CaCO3 concentration is likely 
underestimated since only water-soluble Ca2+ was measured and CaCO3 is not highly 
soluble. CaCO3 is taken as a surrogate of mineral dust (Tang et al., 2015; Zhao et al., 2013) 
and the shape of the CaCO3 surface area distribution is taken to be identical as ambient 
mineral dust distribution). The surface area size distribution of OC, EC, and CaCO3 can be 
found in section 6.6 Figure 6-8. 
6.3.3 Oxidative Potential (OP) 
OP measurement on Teflon MOUDI filters include OPws
DTT
 and total DTT (OPtotal
DTT
) 







The DTT assay was conducted manually or by a semi-automated instrument (Fang et al., 
2015b; Fang et al., 2016) on the filtered DI water extracts to determine OPws
DTT
. A 1 mM 
DTT solution was added to the sample extract with potassium phosphate buffer (Kbuffer, 
pH = 7.4) at 37 °C. At five different specific time intervals, a small aliquot from the mixture 
was withdrawn to determine remaining DTT concentration with a light absorption method. 
DTT consumption rate was used to calculate final OP. The DTT analysis explicitly 
followed the method described by Cho et al. (Cho et al., 2005). 
OPtotal
DTT
 was determined manually with the same method as that for OPws
DTT
, except that the 
extract was not filtered. The sample filter was also left in the sample-Kbuffer-DTT mixture 
such that the DTT-active species from insoluble particles suspended in the extracts, and 
those still on the filter surface, could be in contact with added DTT and consume DTT over 
time. That is, after 0.5-h sonication, Kbuffer and DTT (1 mM) were added to the extract 
 158 
with the sample filter included. At five time intervals, a small aliquot was withdrawn to 
determine remaining DTT concentration using the same light absorption method as stated 
above. A detailed method for measuring OPtotal
DTT
 can be found in the Appendix A.6. The 
consistency of the manual DTT method was monitored with 9,10-phenanthraquinone as a 
positive control run on different days with the samples (N = 10, the coefficient of variation 
< 10%). Lognormal distributions were fit to all data. Fit equations are summarized in the 
Appendix A.4. For OP, geometric mean diameters (GMD) and geometric standard 
deviation (σg), total OP, and the associated uncertainties for each MOUDI set can be found 
in Table 6-2, Table 6-3. These tables also give the overall combined mean GMD and σg for 
both measures of OP at the RS and GT site. This mean GMD and σg were used to calculate 
the averaged frequency distribution (df/dlnDp) of OP at each site. Average distribution 
(dOP/dlnDp) was calculated differently. Each stage of the average distribution was the 
mean of corresponding stages from all MOUDI samples. The MOUDI sets collected in 
summer 2015 had a different cutoff diameter of 2.5 µm instead of a standard cutoff 
diameter of 1.8 µm; for these MOUDI sets, only stages with the same cut-off diameters as 
other MOUDI samples were included in calculating the average distribution. All OPDTT 
reported is in unit of DTT loss rate per volume of air.  
Intrinsic OP was calculated by dividing measured OP with PM mass concentration. Given 
that direct mass measurement was not done, PM mass concentration for each MOUDI stage 
was estimated from the sum of measured chemical components, including elemental 
carbon (EC), organic mass (OC*1.6 (Turpin and Lim, 2001)), total metals, and ions (SO4
2-
, NO3
-, Cl-, and NH4
+). Total metals were represented by their oxide forms (K2O, CaCO3, 
MgO, CuO, MnO2, and Fe2O3), except elemental mass was used for Cu and Mn for stages 
 159 
below 1.8 µm, given that Cu and Mn particles smaller than 1.8 µm are mostly water-soluble 
(Fang et al., 2017a) and studies show likely in the form of metal sulfates (and sulfate was 
measured) (Oakes et al., 2012; Longo et al., 2016b). The PM mass distributions for both 
sites can be found in Figure 6-9. 
6.3.4 Modeling Deposition in the Human Respiratory System 
Deposition efficiency in the human respiratory tract represents the mean probability of an 
inhaled particle being deposited in a given compartment. Particle deposition efficiency 
estimates are based on empirical expressions derived from human inhalation data (ICRP, 
1994) (ICRP., 1994). Deposition was modeled for an adult male at light work (breathing 
rate = 1.5 m3 h-1, respiration frequency = 20 min-1, and tidal volume = 1250 cm3) assuming 
unit density spherical particles (i.e., 1 g cm-3). Regional deposition in different 
compartments of the respiratory tract (extrathoracic, bronchial, and alveolar regions) was 
calculated for nose-only breathing and are summarized in Figure 6-10. Deposition of OP 
in the respiratory system was obtained by multiplying the averaged frequency distributions 
of OP with the deposition efficiency. OP deposition was integrated over three particle size 
modes (ranges): quasi-ultrafine (<0.18 µm), accumulation (0.18-3.2 µm), and coarse (3.2-
18 µm). Only total, alveolar, and extrathoracic deposition are discussed.  
6.4 Results and discussion 
6.4.1 Soluble fraction and size distribution of particulate oxidative potential 















 ratios at the 
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roadside (RS) were 23% and 51% in the fine and coarse mode, respectively. The average 
insoluble fraction at the urban (GT) site was similar in the fine (37%) and coarse (39%) 
mode. Note that these ratios were averaged from all MOUDI data. 
 
Figure 6-1 Average distribution of total and water-soluble DTT activities from all 
MOUDI samples. The mean water-insoluble fractions were calculated from the 
average distribution for fine and coarse modes separated by the vertical line at 
aerodynamic diameter Dp = 1.8 µm. 
 
Frequency distributions are plotted to compare shapes of OP distributions for all MOUDI 
data since they are independent of the ambient OP levels, which can vary substantially 
between sites and measurement periods. Lognormal fitted frequency distribution for 
individual MOUDI measurement (N = 5 for OPws
DTT
, and N = 2 for OPwi
DTT
) at RS and GT 







 had a bimodal distribution with a peak in the accumulation and coarse modes, in 
stark contrast to OPws
DTT




 modes (geometric mean diameter, GMD, ranged from 0.80 to 2.51 µm at both 





clearly differ.  
Contrasting the OP frequency distributions at the two sites provides insights on the 




. Small variations were observed 
in OPws
DTT
 frequency size distributions (Figure 6-2), especially at the GT site. OPws
DTT
 from 
one MOUDI sample collected in fall at the RS site, however, showed a peak at a much 
larger size (GMD = 2.51 µm) than the average frequency distribution (GMDmean = 1.46 
µm), suggesting that roadside OPws
DTT
 was occasionally affected largely by non-tailpipe 
traffic sources, which pushed the GMD to a larger size range. When removing this 
measurement, the GMDmean for OPws
DTT
 at the RS site was 1.20 µm, much closer to that at 
the GT site, showing that OPws
DTT
 had a more regional character, consistent with earlier 
findings in the same region (Fang et al., 2015b; Verma et al., 2014). For OPwi
DTT
, the coarse-
mode peak was larger than the accumulation mode at the RS site, while the opposite was 
observed at the GT site, indicating coarse-mode OPwi
DTT
 was more affected by non-tailpipe 
traffic emissions. More limited transport of large size particles due to sedimentation, 
resulting in lower OPwi
DTT
 at the GT site also would play a role.  
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Figure 6-2 Averaged frequency distributions of (a) water-insoluble DTT and (b) 
water-soluble DTT activities at a road-side site (RS, left panels) and an urban 
background (GT, right panels) in Atlanta, GA, USA. The vertical dotted line is 
aerodynamic diameter Dp = 2.5 µm. GMDmean and σg are the mean of the fit geometric 
mean diameter (µm) and geometric standard deviation, respectively, of multiple 
MOUDI samples (two sets for water-insoluble DTT, five sets for water-soluble DTT, 
per volume of air). Shaded color represents the mean frequency distribution. Each 
black curve represents the frequency distribution from each MOUDI measurement. 






Comparing simultaneous measurements at the two sites (Figure 6-3) supports the above 
inferences. For example, OPwi
DTT
 collected simultaneously at both sites exhibited much 
higher coarse mode levels at the RS site than at the GT site, suggestive of a major 






 levels were similar at both sites, indicating mainly a regional 




 for these MOUDI data sets. 
 
Figure 6-3 Ambient size distribution of oxidative potential from MOUDI samples 
collected simultaneously at a roadside site (RS, left panels) and a representative urban 
site (GT, right panels) in Atlanta, GA, USA. The vertical dotted line is aerodynamic 




6.4.2 Sources and processes based on other measured species 
 
Figure 6-4 Size distributions of chemical species and oxidative potential at a road-side 
site (RS, left panels, 3/28-4/4/2016) and a representative urban site (GT, right panels, 
3/16-3/23/2016) in Atlanta, GA. ECs and (CaCO3)s in (c) and (d) represent surface 
area distributions of EC and estimated CaCO3; others are mass distributions. 
 




, OC, EC, Ca2+ and 
water-soluble Cu, and the estimated surface area distribution of EC and CaCO3 at both 
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sites. Ambient size distributions of chemical species provide clues to the sources and 
processes that led to the observed OP distributions. Fang et al. (Fang et al., 2017a) has 
reported on particle size-dependent processes relating to metals dissolution that affect 
OPws
DTT
, here we focus mainly on OPwi
DTT
. Note that the MOUDI samples shown in Figure 
6-4 at GT and RS sites were collected in different time periods. As is common, OC and EC 
had bimodal distributions with a larger accumulation-mode peak and a smaller peak in the 
coarse mode. Total Cu was most abundant in the coarse mode (data not shown, see Fang 
et al. (Fang et al., 2017a)), consistent with insoluble Cu particles mainly emitted from 
mechanical generation, such as braking components and resuspended dust (Adachi and 
Tainosho, 2004; Garg et al., 2000). Compared to total Cu, water-soluble Cu peaked at a 
smaller size, which can be explained by a combination of primary emissions (i.e., brake 
wear) and secondary processing by sulfate particles forming acidic conditions (Fang et al., 
2015a; Fang et al., 2017a). Our previous paper (Fang et al., 2017a) showed that sulfate can 
produce highly acidic fine aerosols capable of dissolving Cu emitted in an insoluble form, 
and this acid-dissolved Cu played an important role in shaping the distribution of OPws
DTT
. 
It is noted that Mn is also an important transition metal ion contributing to OPws
DTT
 (Verma 
et al., 2015a; Verma et al., 2014). Since Mn had a size distribution similar to that of Cu 
(Fang et al., 2017a), Mn may be involved the same processes in shaping the distribution of 
OPws
DTT
. In addition to water-soluble metals, other evidence points to organic species from 
combustion playing an important role in fine-mode OPws
DTT
 (~ 60% from organics and 40% 
from metals) (Verma et al., 2015a). Thus, contributions from both water-soluble metals 
and organic species can explain why OPws
DTT
 had a broad distribution that peaked between 




 can also be attributed to the varying relative contribution from water-
soluble Cu and organic species; for example, a higher concentration of Cu may shift the 
distribution toward the coarse mode.  
Bimodal OPwi
DTT
 follow distributions of insoluble species in the accumulation and coarse 
modes. A main insoluble fine-mode aerosol is soot (or EC). Figure 6-4 (c) and (d) show 
that measured EC mass size distributions converted to EC surface area distributions match 
well with OPwi
DTT
, consistent with OPwi
DTT
  being associated with the EC surface. Note that 
OC and EC have similar surface area distributions, Figure 6-8, but much of OC is soluble 
so it is difficult to infer insoluble OC size distributions from this data. We will show below 
that some of this insoluble OC, e.g., quinones or similar compounds, appear to coat soot. 
Studies reporting oxidation of PAHs (Antinolo et al., 2015) and diesel exhaust soot or black 
carbon (McWhinney et al., 2011; McWhinney et al., 2013a; Li et al., 2013) by ozone, 
forming surface-bound quinones and increasing OPDTT, are consistent with our fine-mode 
OPwi
DTT
 being associated with surfaces of EC. Measurements of fine-mode particle-bound 
PAHs in Atlanta traffic were highly correlated with black carbon (r = 0.86) (Greenwald et 
al., 2014). Furthermore, fine-mode number distributions of solid particles that remain 
insoluble when ambient aerosol was collected in water were highly correlated with EC 
mass concentrations (Greenwald et al., 2007) and had size distributions similar to that of 
EC (Figure 6-11), consistent with EC being the main insoluble fine-mode species.  
The data also show the importance of time for atmospheric aging on fine-mode OPwi
DTT
. 
This can be seen by comparing the OPwi
DTT
/EC surface area ratio at the RS site, which is 
heavily influenced by primary emissions, to the GT site of more atmospheric processed 
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aerosols. Fine-mode (Dp < 1 µm) OPwi
DTT
 per EC surface area concentration values were 4 
to 5 times higher at the GT site (mean of OPwi
DTT
 per EC surface area (mean ± standard 
deviation) was (1.5 ± 0.6) × 10-8 and (3.2 ± 1.6) × 10-9 nmol min-1 µm-2 for GT and RS site, 
respectively, see Figure 6-12 and Figure 6-13). A longer study also shows higher OPwi
DTT
 
per EC concentrations at the GT site based on bulk PM2.5 samples collected simultaneously 
at both sites (Figure 6-14). This is consistent with PAH-coated EC being emitted by the 
road, but requiring oxidation to convert EC-surface PAHs to quinones. Higher O3 levels 
away from the road due to less NOx titration may also play a role. These processes explain 
the observed similar fine-mode OPwi
DTT
  levels when measured simultaneously at the RS 
and GT sites. Because fresh soot per mass (or surface area) does not have as high OPDTT 
as aged aerosol, OPDTT is clearly not related solely to a soot surface property formed during 
emission. 
Soluble transition metals also contribute to OPDTT but are typically not found in particles 
smaller than 1 µm. However, they may account for much of the coarse-mode OPwi
DTT
. 
Primary coarse-mode particles are generated by mechanical processes. There is limited 
information on which chemical species may contribute to coarse-mode OPwi
DTT
, but the 
CaCO3 surface area distribution is seen to be similar to that of OPwi
DTT
 in coarse mode at 
both sites, suggesting that it is also related to a surface property. Soluble metals (and 
possibly some contribution from adsorbed EC and quinones, see Figure 6-15 and Figure 
6-16 for EC and OC in the coarse mode) may remain bound to these large mineral dust 
particles during the water extraction process and account for at least some of the coarse-
mode OPwi
DTT
.   
 168 
6.4.3 Intrinsic OP distributions 
 
Figure 6-5 Oxidative potential distributions on a per PM mass basis at a road-side 
site (RS, left panels, 3/28-4/4/2016) and a representative urban site (GT, right panels, 
3/16-3/23/2016) in Atlanta, GA, USA. Average OP per mass for three modes, quasi-
ultrafine (< 0.18 µm), accumulation (0.18 ≤ Dp ≤ 3.2 µm), and coarse (3.2 < Dp <10 
µm) is also shown (diamonds with line). PM mass on each MOUDI stage was 
estimated from the sum of measured chemical components. The dotted line is 
aerodynamic diameter Dp = 2.5 µm. Error bars were based on uncertainties 
associated with OP per mass calculated by propagation of uncertainties from OP per 
air volume and PM mass estimates. 
 
Comparing the oxidative activity of different size particles on a per PM mass basis 





 per mass are highest for quasi-ultrafine particles where the mass is low. 
(Note that OPDTT per mass is also high for the large particles, but in this case, masses may 
be underestimated due to inferring total CaCO3 from soluble measured Ca




 per mass was the highest for quasi-ultrafine, in agreement with some other 
studies (Cho et al., 2005; Ntziachristos et al., 2007). OPwi
DTT
 also had the highest per mass 
activity for the quasi-ultrafine mode, consistent with high soot (EC) toxicity. Although the 
intrinsic activities provide contrast in the OP potency of particles of differing sizes, overall 
potential for adverse health effects depends on exposure; the OP activity per volume of air, 
which has a very different distribution than that of OP
DTT
 per PM mass, and the efficiency 
of particle deposition as a function of size in the respiratory system. 
6.4.4 Respiratory OP deposition 
Particle deposition patterns in the respiratory tract, in part, depend on particle size. Since 




 vary with particle size, different 
components of OPDTT will be deposited in different regions. OPDTT deposition was 
calculated for the whole respiratory tract (extrathoracic and all lung compartments) and 
two sub-regions, the extrathoracic compartment and the alveolar. In each region we 
compare the relative importance of OPDTT associated with quasi-ultrafine, accumulation, 
and coarse modes. The results are shown in Figure 6-6. For the whole respiratory tract, 
coarse-mode OPwi
DTT
 (DTT loss rate per volume of air) deposition dominated at both the 
urban and road-side sites, accumulation-mode OPwi
DTT
 deposition was also high and quasi-
ultrafine OPDTT was minimal. For OPws
DTT
 a similar pattern was found, except accumulation-
mode particles made greater contributions or were on par with coarse-mode particle 
contributions to whole respiratory tract deposition. Extrathoracic deposition patterns for 
both forms of OPDTT were similar to those of the whole respiratory tract, accumulation and 
coarse particles made the most contributions; coarse mode was larger for OPwi
DTT
 and coarse 
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and accumulation were similar for OPws
DTT
. For alveolar deposition, there was much less 
contribution from coarse-mode particles (coarse particle alveolar deposition was < 4% of 
the whole respiratory tract deposition), because the majority was deposited in the upper 








Figure 6-6 Estimated whole respiratory tract, extrathoracic, and alveolar deposition 
of PM oxidative potential in the human respiratory system for three aerosol size 
modes: quasi-ultrafine (Dp < 0.18 µm), accumulation (0.18 ≤ Dp ≤ 3.2 µm), and coarse 
(3.2 < Dp <10 µm). Whole-lung deposition refers to the total OP deposited in the whole 
respiratory tract. Deposition of OP equals the deposition efficiency times the average 
OP frequency distribution (vertical axis is unitless), both a function of particle size. 
Deposition efficiencies were based on an empirical expression assuming unit density 
spheres for steady breathing with a flow rate of 1.5 cm3 h-1, breathing frequency of 20 
min-1, and tidal volume of 1500 cm3. OP deposition on the vertical axis was calculated 
by integrating the deposition of OP over the three particle size modes. 
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These comparisons show that although quasi-ultrafine particles are more DTT-active per 
mass and are deposited in the alveoli with higher efficiencies than accumulation and coarse 
particles (close to 100%), the deposition levels of quasi-ultrafine OP-containing particles 
were small in this study, and so less important. These results are as expected; coarse-mode 
particles are deposited in the upper respiratory tract (extrathoracic and tracheobronchial 
regions) and accumulation-mode particles predominantly in the alveoli. Consequently, 
upper respiratory deposition of OPwi
DTT
 would be related to soluble metals, with minor 
contributions from quinones adsorbed to dust (or quinones adsorbed to soot adsorbed to 
dust). Similarly, for upper airway deposition of OPws
DTT
, soluble transition metals would 
dominate (Fang et al., 2017a). For alveolar deposition of OPwi
DTT
, the main aerosol 
components would be those associated with or adsorbed to, soot surfaces, the latter mostly 
quinones (or similar compounds). Alveolar deposition of OPws
DTT
 is also mainly associated 
with quinones, soluble transition metal ions would play a minor role (Fang et al., 2017a). 
Limited mixing between the organic aerosol (e.g., quinones) and transition metal ions in 
single particles due to association with different sizes (e.g., for PM2.5, mixing is only likely 
in the 1 to 2.5 µm size range) raises the question if these main components of OPDTT will 
extensively interact when deposited in the lung. Bulk measurements of OPDTT that mix 
components of all sizes for PM2.5 samples may produce interactions between DTT-active 
organic species and transition metal ions that would not occur to the same extent in lung 
lining fluid, leading to artifacts. Finally, it remains to be determined if water-soluble and 
water-insoluble OPDTT are linked to differing health end points, despite both forms of 




Ambient size distributions of water-soluble and water-insoluble OPDTT, and various 
chemical components at a road-side and urban site were used to study the sources and 
atmospheric processes that contribute to both fractions of OPDTT. The results show that the 
two main chemical components that drive water-soluble and water-insoluble OPDTT are the 
same, transition metal ions and organic species, such as quinones. The difference is that 
for water-insoluble OPDTT, these two major players were absorbed on solid surfaces; 
transition metal ions on coarse-mode mineral-tire-brake dust or soot surfaces, while 
quinones on fine-mode soot surface, resulting in a bimodal distribution with a fine and 
coarse mode for water-insoluble OPDTT. In contrast, water-soluble OPDTT was unimodal 
with a peak near 1-2.5 µm due to contributions from fine-mode organic components plus 
acid-processed coarse-mode transition metal ions. The data show the importance of 
secondary processing for both fractions of OPDTT. Lung deposition analyses suggest that 
although ultrafine particles had the highest OPDTT per mass (toxicity), lung deposition was 
mainly contributed by fine and coarse modes. Upper respiratory deposition of OPDTT was 
mainly associated with transition metal ions while alveolar deposition was mainly with 
organic species. Contrasts in the phases of these forms of OPDTT deposited in the respiratory 





6.6 Supporting materials 




RS (road-side) GT (urban) 
MOUDI #1 MOUDI #2 MOUDI #1 MOUDI #2 
Summer 
2015 
7/6-7/13/2015    *Teflon (OPws
DTT)  
7/23-7/30/2015  Teflon (OPws
DTT) Teflon (OPws
DTT)   






9/16-9/24/2015    Teflon (OPws
DTT) 
 Quartz  
(OC, EC, ions) 
10/6-10/14/2015  Teflon (OPws
DTT) 
Quartz  




3/16-3/23/2016   




 Quartz  
(OC, EC, ions, metals) 
3/28-4/4/2016 





(OC, EC, ions, metals)  
  
4/18-4/25/2016  









* filter type (species measured), Organic carbon (OC), elemental carbon (EC), ions, and metals were determined from the pre-baked 
quartz filters (47 mm, Tissuquartz™ Filters, Pall Corp., Ann Arbor, MI, USA), and the Zefluor filters (47 mm PTFE Membrane Filters, 
2 µm pore size, Pall Corp., Ann Arbor, MI, USA) were used for determining the OP of particles.; OPws
DTT – water-soluble DTT activity; 
OPtotal





Table 6-2 Summary of size distribution geometric mean diameters (GMD) in 
µm for lognormal fits of OP from all MOUDIs sets collected in Atlanta, GA 
(Parameters for OPwi
DTT
 are shown for fine and coarse mode due to bimodal 














Fine     coarse Fine     coarse 
Summer 
2015 
7/6-7/13/2015 - - - 1.00 - - 
7/23-7/30/2015 0.87 - - 0.94 - - 
8/3-8/11/2015 1.03 - - - - - 
Fall 2015 
9/16-9/24/2015 - - - 1.10 - - 
10/6-10/14/2015 2.51 - - - - - 
Spring 
2016 
3/16-3/23/2016 - - - 0.80 0.35 4.76 
3/28-4/4/2016 1.77 0.12 3.76 - - - 
4/18-4/25/2016 1.13 0.32 3.48 0.87 0.46 5.50 














Table 6-3 Summary of size distribution geometric standard deviation (σg) 
[unitless] for lognormal fits of OP from all MOUDIs sets collected in 
Atlanta, GA (Parameters for OPwi
DTT are shown for fine and coarse mode due 














Fine     coarse Fine     coarse 
Summer 
2015 
7/6-7/13/2015 - - - 5.36 - - 
7/23-7/30/2015 5.21 - - 5.21 - - 
8/3-8/11/2015 5.69 - - - - - 
Fall 2015 
9/16-9/24/2015 - - - 6.49 - - 
10/6-10/14/2015 2.89 - - - - - 
Spring 
2016 
3/16-3/23/2016 - - - 5.59 2.29 2.33 
3/28-4/4/2016 5.79 2.16 2.74 - - - 
4/18-4/25/2016 6.03 1.35 1.55 7.38 1.36 1.87 















Table 6-4 Summary of total OP (OPt) for each lognormal fit of OP [nmol 
min-1 m-3] from all MOUDIs sets collected in Atlanta, GA  (Parameters 
for OPwi
DTT
 are shown for fine and coarse mode due to bimodal 














Fine     coarse Fine     coarse 
Summer 
2015 
7/6-7/13/2015 - - - 0.18 - - 
7/23-7/30/2015 0.21 - - 0.20 - - 
8/3-8/11/2015 0.25 - - - - - 
Fall 2015 
9/16-9/24/2015 - - - 0.21 - - 
10/6-10/14/2015 0.27 - - - - - 
Spring 
2016 
3/16-3/23/2016 - - - 0.16 0.10 0.07 
3/28-4/4/2016 0.20 0.04 0.07 - - - 
4/18-4/25/2016 0.27 0.02 0.27 0.22 0.02 0.03 















Figure 6-7 Comparison between two MOUDIs deployed side-by-side at the GT site 
where OPws
DTT
 were measured at each stage. Each data point is for the same impactor 
stage on the two MOUDIs. Linear fits were done by orthogonal regression. The dotted 





Figure 6-8 Surface area distribution of OC, EC, and CaCO3 from MOUDI set 
collected in spring 2016. 
 
 
Figure 6-9 Estimated PM mass size distribution from the sum of elemental carbon 
(EC), organic mass (OC*1.6), total metals, and ions (SO42-, NO3-, Cl-, and NH4+) from 
MOUDI samples collected in Spring 2016. Total metals were represented by their 
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oxides forms (K2O, CaCO3, MgO, CuO, MnO2, and Fe2O3), except for Cu and Mn 
that their total metals (elemental) were used for stages below 1.8 µm, given that Cu 
and Mn particles smaller than 1.8 µm are mostly water-soluble (Fang et al., 2017a) 




Figure 6-10 Whole respiratory tract and regional deposition efficiency of aerosols 
assuming unit density spherical particle and nose-only breathing at a steady 
breathing with a flow rate of 1.5 m3 h-1, respiration frequency of 20 min-1, and tidal 
volume of 1250 cm3. Regional deposition refers to the collection of particles in 
extrathoracic, bronchial, and alveolar regions. (b) was adapted from Dombu et al., 




Figure 6-11 Water-insoluble aerosol (WIA) surface area frequency distribution 
adapted from the number concentration distribution from Greenwald et al. 
(Greenwald et al., 2007) in comparison with EC surface area frequency distribution 
at the urban site from this work. The WIA instrument collects ambient aerosols into 
water with a high flow rate liquid impinger and measures the solid particles in the 
liquid with optical diameters from 0.25 to 2.0 µm with an optical particle counter to 
determine the number concentration distribution of ambient insoluble particles in 
water. This WIA instrument provides evidence of the size distribution of insoluble 
particles when deposited in the lung, in contrast to the distribution in the ambient 
atmosphere that may be internally mixed with soluble species, assuming the water-
soluble components have similar solubilities in water as lung lining fluid. The surface 









, where Dp and Dpg is the aerodynamic and geometric 
mean aerodynamic diameter in each MOUDI stage (µm). The optical diameter from 
Greenwald et al. (Greenwald et al., 2007) was converted to aerodynamic Dp using the 
equation Dp=Doptical  ρ
0.5 (referred to Murphy et al. (Murphy et al., 2004)), where 
Doptical is the optical diameter (µm) and ρ is the density, 1.77 g cm-3. Error bars on the 
WIA surface distribution represent the standard deviations from four sets of data 




Figure 6-12 Water-insoluble DTT per EC surface area for Dp smaller than 1 µm. 
MOUDI samples were collected during different time periods at a road-side (RS) and 
urban (GT) site in Atlanta. OPwi
DTT
 per EC surface area (mean ± standard deviation) 




Figure 6-13 Water-insoluble DTT per EC mass for Dp smaller than 1 µm. MOUDI 
samples were collected during different time periods at a road-side (RS) and urban 
(GT) site in Atlanta. OPwi
DTT
 per EC mass (mean ± standard deviation) was 0.21 ± 0.09 




Figure 6-14 Water-insoluble DTT per EC mass from PM2.5 samples collected on filters 
at road-side (RS) and urban site (GT). OPwi
DTT
 per EC mass was 0.23 ± 0.13 and 0.09 
± 0.05 nmol min-1 µg-1 for GT and RS, respectively. 
 
 
















CHAPTER 7. FUTURE WORK 
In this thesis, we have assessed aerosol oxidative potential (OP) as a health indicator from 
epidemiological models and extensively studied the sources and processes leading to OP. 
OP measured by the dithiothreitol (DTT) method represent the capability of multiple toxic 
components in the PM mixture (organic species and transition metal ions, comprising only 
a minor proportion of the total mass) to generate reactive oxygen species (ROS) that lead 
to oxidative stress, making OP a better health indicator than PM mass concentration and 
OP measured by the Ascorbic Acid (AA) assay with a narrower chemical sensitivity. 
Policies that focus on reducing the total mass concentration of PM should be set in terms 
of OP, focusing more heavily upon sources and processes emitting toxic transition metal 
ions and organic species. Overall, the results of this thesis have improved our 
understanding of oxidative potential in aerosol health studies and offered a promising way 
forward; however, there are a few critical issues needing further attention or research.  
Measurement of OP 
This thesis used two common measures of OP, the dithiothreitol DTT and AA assays. The 
DTT assay is based on the same protocol from Cho et al. (Cho et al., 2005), and the AA 
assay is a simplified approach to a more complex synthetic respiratory tract lining fluid 
(RTLF) model (Mudway et al., 2004; Zielinski et al., 1999). A major challenge associated 
with the DTT assay is that there is substantial variation in the DTT method used in different 
studies, making inter-comparisons between studies difficult. One important cause of the 
difficulty is the different initial DTT concentration used in different studies, i.e., the 
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concentration of DTT solution at the beginning of DTT consumption process (at time 0). 
Standardization of the DTT measurement method is needed. 
Most part of this thesis is based on the OP measured from water extracts of particles 
collected onto a filter subtract. While filter-based collection approaches with long sampling 
duration are commonly needed for high mass loadings for OP analysis, they entail artifacts 
due to losses of semi-volatile species during sampling and handling procedures. Studies 
have shown that semi-volatile components of particles contribute to OPDTT (Verma et al., 
2011). Besides, composite samples collected over a long period of time do not capture the 
diurnal variations in the aerosol OP. Developing online and high time-resolved OP 
measurement systems could avoid these artifacts and provide diurnal profiles of OP for 
further understand the sources and processes contributing to OP. Sameenoi et al. have 
developed a microfluidic electrochemical sensor for online monitoring of OPDTT 
(Sameenoi et al., 2012a) and a microfluidic paper-based analytical device using the DTT 
assay which skips the extraction procedure (Sameenoi et al., 2012b). However, these 
systems have not been further tested in field studies. Eiguren-Fernandez et al. (Eiguren-
Fernandez et al., 2017) developed an online DTT system (o-MOCA) collecting particles 
directly into small volume of liquid using a Liquid Spot Sampler (LSS). This system was 
tested in the ambient only for 3 days. Further studies on the online system development for 
OP measures are needed.  
The DTT and AA assays only represent two of the many OP measures that are available. 
Other commonly used a-cellular OP assays include OH· production in a surrogate lung 
fluid (Jung et al., 2006), electron spin resonance (ESR) (Shi et al., 2003), chemiluminescent 
reductive acridinium triggering (CRAT) (Zomer et al., 2011), and glutathione reductase 
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recycling (GSH) (Li et al., 2003) methods. Although studies have compared some of these 
methods together (Yang et al., 2014; Ayres et al., 2008; Fang et al., 2016), so far there has 
been a lack of systematic comparisons of all OP methods. Associations between different 
OP measures and health were only limited to two OP comparison, e.g. OPESR vs OPDTT 
(Yang et al., 2016), OPGSH vs OPAA (Weichenthal et al., 2016a; Weichenthal et al., 2016b; 
Strak et al., 2012), and OPDTT vs OPAA from this thesis (Fang et al., 2016). Attempts to 
synthesize different studies to achieve comprehensive comparisons between OP measures 
are impossible due to the differences in ambient environments, extraction medium, 
measured chemical species, and selected health outcomes. There remains a need to 
compare all different OP measures to find out the relative merits of different OP assays and 
construct an invaluable standard protocol (one assay or several complementary assays) for 
initial screening of particle toxicity.   
Metals and organics 
Acid processing has been identified as an important mechanism driving metal solubility. 
While this thesis provides some evidence of acidity driven mechanism from the ambient 
size distributions of metals, sulfate, and particle pH, our data do not provide information 
related to other factors that could potentially affect the acid dissolution of metals, for 
example, time for dissolution, temperature, phase state of the aerosol, mixing state, and 
complexation between metals and organic species. There is clearly a need for more studies 
examining the acidity-driven dissolution process and the role of these factors in aerosol 
OP.  
 185 
One important finding of this thesis is that both transition metal ions and organic species 
are important to health since water-soluble OPDTT, attributed to both organics and metals, 
not water-soluble OPAA, driven mainly by metals, are found statistically significant 
associated with health outcomes. Preliminary laboratory studies in our lab suggest a 
synergistic effect between metals and quinones in ambient samples. In addition, we tested 
the behaviors of pure metal solutions and ambient aerosol water extracts on a C-18 column 
designed to separate the hydrophilic (those pass through the column) and hydrophobic 
(those retained on the column) fractions (data not presented in the thesis). The results 
showed that pure metals were all retained by the C18 columns, while fractions of metals in 
ambient samples passed through, suggesting a complexation of metals with organics. The 
complexation of metals with organics might possibly limit their participation in the electron 
transfer reactions that produce ROS. This suggests that although metals and organic species 
are the main drivers to OPDTT, since there is synergistic effect between them affecting their 
OP, there is advantage of using OPDTT over species when studying the health effects of 
aerosol. Future studies should focus on the synergistic effects between organic species and 
metals and the effects on their toxicity.  
The same idea can be applied to OP vs sources. Our results showed that secondary 
processing was the main contributor to OPDTT in summer and biomass burning played a 
more important role in winter. It is interesting to compare the health associations between 
sources and OPDTT in different seasons.  
Cellular work 
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This thesis linked ambient OP measurement with hospital data from epidemiology, there 
is a big gap from a cellular level. One important issue with chemical assays is that they 
don’t simulate the real interaction between PM and cells. Although the DTT assay mimics 
the electron-transfer mechanism based on the catalytic ability of redox-active species to 
transfer elections from DTT to oxygen, whether OPDTT is associated with the cellular 
oxidative stress responses is still an open question. Some evidence has shown that OPDTT 
is associated with hemeoxygenase (HO-1), an enzyme responsive to oxidative stress and 
mitochondrial damage (Li et al., 2003). However, more studies on cellular oxidation by 
PM are needed.  
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APPENDIX A. SUPPLEMENT 
A.1  Chemical preparation and storage information 
PQN standard: 5 mM 9,10-phenanthraquinone (PQN) standard stock was made by 
dissolving 10.4 mg of 9,10-phenanthraquinone in 10 mL DMSO. The stock was kept in the 
freezer when not in use. For routine analysis, final PQN standard was prepared from stock 
in deionized water (DI water, Nanopure InfinityTM ultrapure water system; >18 MΩ cm-1) 
before feeding to the system.  
1 mM DTT: 10 mM stock DTT solution was made by dissolving 154.24 mg DTT in 100 
mL DI water and stored in the fridge no longer than one month. 1 mM DTT was made 
fresh from 10mM stock solution every time for immediate use.  
0.2 mM DTNB: 0.2 mM DTNB was prepared in Methanol (MeOH), stored in the fridge 
for no longer than 6 months. 
0.08 M Tris buffer with 4 mM EDTA: Tris buffer was first prepared by dissolving 96.92 
g of Tris Base and 11.69 g of EDTA in DI water. This will bring the pH to ~10. Then adjust 
the pH to 8.9 by adding a small amount of HCl. Add DI water to make a final volume of 
10 L as the stock and store in room temperature. 
0.5 M Potassium Phosphate Buffer (KBuffer): 0.5 M Kbuffer was made by mixing 13.47 
g of KH2PO4 (Monopotassium Phosphate) and 69.85 g of K2HPO4 (Dipotassium 
Phosphate) in 1 L DI water. The mixture was then chelexed using Chelex® 100 resin (BIO-
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RAD Laboratories, Inc., USA) to remove binding polyvalent metal ions (especially Cu and 
Fe).  
1% w/v TCA was prepared in DI water and stored in room temperature. 
 
A.2  Water-soluble metals PMF results 
Input 
Positive Matrix Factorization (PMF) analysis was applied to the data from JST (summer, 
fall, winter 2012, spring 2013), GT (fall, winter 2012, fall 2013), and RS (fall 2012, winter 
2013) (total N=299). Missing data were replaced by species median. 15 species including 
S, K, Ca, Ti, Mn, Fe, Cu, Zn, As, Se, Br, Sr, Ba, Pb, and WSOC were run in the model.  
PMF solutions 
1) Q/Qexp criterion 
Q/Qexp as a function of P (numbers of factors) was used to narrow down the range of 
factors to 3, 4 and 5 (see Figure A -  1). 
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Figure A -  1 Q/Qexp as a function of the numbers of factors used in the PMF solution. 
 
2) Determining # of factors 
Best solution P=4 was determined by closer examination of factor spectra, time series 
and results from bootstrapping for P= 3, 4, and 5.  
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Table A - 1 Bootstrapping results on 4-factor solution 
  Factor 1 Factor 2 Factor 3 Factor 4 Unmapped 
Boot Factor 1 100 0 0 0 0 
Boot Factor 2 0 100 0 0 0 
Boot Factor 3 1 0 99 0 0 




Figure A -  3 Factor profiles for 4-factor solution (a) and 5-factor solution (b). 
 
The 5-factor solution resulted in splitting of the “biomass burning” source (Factor 2 in 
panel a, Fig. A - 3) into two factors (Factor 1 and 3 in panel b, Fig A - 3) with no clear 
identification. Moreover, the bootstrap calculations (Table A - 1) highlight the 
bootstrapping factor 5 in 5-facor solution were matched to other factors, indicating less 
stability of the 5-factor solution.  
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Table A - 2 Bootstrapping results on 5-factor solution 
  Factor 1 Factor 2 Factor 3 Factor 4 Factor 5 Unmapped 
Boot Factor 1 83 4 12 0 1 0 
Boot Factor 2 0 98 2 0 0 0 
Boot Factor 3 0 0 100 0 0 0 
Boot Factor 4 0 0 0 99 1 0 
Boot Factor 5 0 0 0 0 100 0 
In the case of 3 factors, source apportionment leads to factors with no clear physical 
interpretations (Fig. A - 4 & Table A - 3). 
Table A - 3 Bootstrapping results on 3-factor solution 
  Factor 1 Factor 2 Factor 3 Unmapped 
Boot Factor 1 97 3 0 0 
Boot Factor 2 0 99 1 0 
Boot Factor 3 3 3 94 0 
 
Figure A -  4 Factor profiles for 3-factor solution 
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3) Rotational ambiguity: fpeak variation 
The rotational ambiguity of the 4-factor PMF solution was explored via the Fpeak 
parameter in the range ±2 (Fig. A - 5). The results indicate that Q/Qexp is at a minimum 
for Fpeak=0, justifying the decision to use Fpeak=0 in the case of the optimal 4-factor 
solution. 
 




A.3  Codes for health outcomes used in the epidemiological models 
The health outcomes in the epidemiological models are asthma or wheeze with a primary 
International Classification of Disease, 9th Revision, (ICD-9) code of 493 and 786.07, 
congestive heart failure (428), chronic obstructive pulmonary disease (491, 492, 496), 
cardiovascular disease (410-414, 427, 428, 433-437, 440, 443-445, 451-453), ischemic 
heart disease (410-414), and pneumonia (480-486) for a patient with a home ZIP code 
within the Atlanta 5-county metro area (Fulton, DeKalb, Gwinnett, Cobb, Clayton) 
recorded in an Atlanta hospital from 8/1/1998 through 12/31/2009. 
 
A.4  Equations to fit the distributions and averaged frequency OP distribution 











where C is the concentration of PM species (µg m-3 or ng m-3) or oxidative potential (OP, 
nmol min-1 m-3), Dp is the aerodynamic diameter (µm), and GMD and 𝜎𝑔 are geometric 
mean diameter (µm) and geometric standard deviation for the lognormal fits. Ct is the total 
level of PM species or OP; it’s the area under the curve, same unit as C. 
 











where GMDmean and 𝜎𝑔𝑚𝑒𝑎𝑛
 are the mean of the GMD and 𝜎𝑔 obtained from a lognormal 
fit of each MOUDI sets, respectively. 
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A.5  Method for dividing deposits between cut filter portions and OCEC analysis on 
MOUDI samples 
The MOUDI sampler collects particles as discrete points on the substrate filter, each point 
being associated with an impact jet. For the upper size stages where the number of impactor 
jets are few, this leads to highly non-uniform deposits. This raises issues when cutting the 
filter and for the OCEC analysis which depends on a laser transmission through the filter 
to assess the spit in OC and EC. At smaller size stages the number of jets is so large the 
deposit can be assumed to be uniform. In order to calculate the total deposits of different 
chemical components on the filters, the chemical mass on the corresponding filter portion 
was multiplied by the ratio of the number of dots on the whole filter versus those on the 
analyzed filter portion. This was done for stages with a cut size larger than 0.56 µm; for 
smaller stages filter surface areas were used. Since the laser beam in the OCEC analyzer 
may pass through blank filter space due to the non-uniform deposition in MOUDI samples, 
OC/EC separation was done by manual split at 800 seconds. This specific split time was 
based on the split time (800 ± 100 seconds) obtained from a set of uniform deposited filter 
samples collected at another urban site in Atlanta, GA. Split times of 700 and 900 seconds 









A.6  Coarse mode particle pH 
As notes in the main text, gas-phase data (i.e., NH3, HNO3, and HCl) were estimated by 
iterating ISORROPIA-II with fine mode particle-phase data assuming the gas was only in 
equilibrium with the fine mode aerosol. At the RS site, NH3, HNO3, HCl were predicted to 
0.6, 0.6, 2.5 μg m-3, respectively, whereas at the GT site, these gases were 0.7, 0.5, 2.2 μg 
m-3. With these estimated gases, the model fairly accurately predicted fine mode NH4
+ and 
NO4
- concentrations, Figure A -1.  
Unlike the fine mode, coarse mode particles are unlikely to reach equilibrium with the gas 
phase due to kinetic limitations (Fountoukis et al., 2009; Cruz et al., 2000; Dassios and 
Pandis, 1999). Assuming coarse mode particles in equilibrium with the gas phase generally 
leads to a large positive bias between predicted coarse particle NO3- and NH4+, as seen in 
Figure A - 1. The pH associated with this calculation, compared to that predicted assuming 





Figure A - 1 Comparison of ISORROPIA-II predicted NH4+ and NO3- with 
measurements for each MOUDI stage. Two versions of forward mode predictions are 
shown above: input without gas phase data (blue) and with gases assuming 
 197 
equilibrium (green). Three points are beyond y-axis range in graph (c); their y-values 
are listed. 
 
Figure A - 2 Predicted particle pH size distribution, as Figure 5-3, with added coarse 
mode pH lower limit. Note that, the lower limit is not realistic due to kinetic 
limitations and large over-predictions of NO3- (hence overestimated acidity), but 
shows possible pH range the coarse mode could reach given sufficient time. 
 
 
Figure A - 3 Predicted particle water size distribution, Liquid water predicted by 
assuming gas equilibrium is much higher than that assuming no interaction between 
the gas and coarse mode particles due to the long equilibration timescale. The largest 
deviation between the green and red lines was at Dp = 3.2-5.6 µm range, which only 
leads to pH within a factor of log10(5) uncertainty. The lower coarse mode liquid water 
levels (red line) realistically reproduce aerosol composition data, however, liquid 
water was not measured so no comparison with measurements is possible. 
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A.7  Detailed method for measuring total DTT activity on MOUDIs filters 
a) Filter extraction: filter sample (half of a 47 mm MOUDI Teflon filter) was 
sonicated in 4.9 mL DI water in a 15 mL centrifuge tube for 30 min with an 
Ultrasonic Cleanser (VWR International LLC, West Chester, PA, USA); 




After sonication, 1.4 mL potassium phosphate buffer (pH = 7.4) was added to the centrifuge 
tube containing the sample filter and extract, after that the tube was placed in a 
ThermoMixer (Eppendorf North America, Inc., Hauppauge, NY, USA) for approximately 
5 min to ensure the temperature of the tube reached 37 °C. At time zero, 0.7 mL 1mM DTT 
solution was added to the Kbuffer-sample mixture. DTT was consumed over time. At five 
different time intervals (7, 15, 25, 32, 40 min), 100 µL of the mixture was transferred to 
another centrifuge tube preloaded with 1 mL 1% v/v Trichloroacetic acid (TCA) to quench 
the DTT consumption. To determine the concentration of DTT remaining in the tube, 2 mL 
Tris buffer (0.08 M with 4 mM EDTA) and 0.2 mL DTNB (0.5 mM) were added to the 
quenched mixture with residual DTT. The reaction between the residual DTT and DTNB 
forms a light absorbing compound, 2-nitro-5-thiobenzoic acid (TNB), which has a high 
extinction coefficient at 412 nm wavelength. The final mixture with TNB was then passed 
through a Liquid Waveguide Capillary Cell (LWCC-M-100; World Precision Instruments, 
Inc., FL, USA) coupled to a UV-VIS light source (Ocean Optics DT-Mini-2B, Ocean 
Optics, Inc., Dunedin, FL, USA), and a multi-wavelength light detector (USB4000 
Miniature Fiber Optic Spectrometer, Ocean Optics, Inc., Dunedin, FL, USA) to determine 
the absorbance at 412 nm wavelength, respectively. The absorbance measured via this 
method was calibrated with a known concentration of DTT, and the calibration curve was 
used to calculate the remaining amount of DTT in the sample-Kbuffer-DTT mixture. 
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c) Final OP calculations: 
The final OP can be calculated as follows: 









              Eq. (1) 
σsample and σblank are the consumption rates of sample and blank, i.e. the slopes by 
taking a linear fit to the remaining amount of DTT in the sample-Kbuffer-DTT 
mixture over time (nmol min-1); Ve and Va are the extraction volume and sample 
volume added to the sample-Kbuffer-DTT mixture, respectively; Vp is the total air 
volume sampled through the whole filter; Atotal and Ap are total area and the area 
taken for OP analysis, respectively. For stages with a cut-off size of 0.56 µm and 
up, Atotal and Ap represent the number of dots on the whole Teflon filter and that 
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